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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
1.0 Prelude 
 Transition metals are toxic in cells at high concentrations (1).  However, trace 
amounts are often required in living organisms.  The transition metal iron is essential 
to life in almost every organism except for a few strains of Lactobacillus.  It is 
predominantly found in heme and iron-sulfur clusters or stored in the ferritin protein 
complex (2).  Given the importance of the metal, iron homeostasis pathways have 
drawn much attention due to their role in health and disease.  Indeed, an imbalance 
of iron in the body can ultimately lead to pathological conditions.  One of the most 
common disorders is iron deficiency anemia, which affects over 30% of the world 
population and is prevalent in developing countries (3).  At the opposite end, there 
are iron overload disorders such as hemochromatosis, Friedreich’s Ataxia (FRDA) 
and other fairly prevalent disorders (3). Parkinson’s disease or Alzheimer’s disease 
also fit this category and in these disorders iron overload is believed to also 
contribute to the pathogenesis (4).  Thus, given the importance of iron homeostasis 
pathways, if we would like to improve treatment strategies for these disorders it is 
central to fully understand iron bioprocesses such as absorption, transport, 
regulation, and utilization.  
 Understanding normal iron metabolism in the body is an important first step in 
combating these diseases.  The characterization of mechanisms by which organisms 
control transition metal ion reactivity and availability, and understanding the roles of 
these metals in cellular regulation and signaling pathways related to health and 
disease, is currently a main research objective of the NIH (PA-08-251).  Proper iron 
levels are maintained in the body by a delicate balance between regulating the 
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amount that we absorb through diet and what we lose through sweat, blood loss and 
sloughing of the intestinal lining.  Once absorbed, iron plays an essential role in 
many biological processes, including oxygen transport, energy production, and DNA 
repair.  Iron is a critical cofactor for many proteins in the form of heme or Fe-S 
clusters.  
 Iron-sulfur cluster containing proteins represent a major group of 
metalloproteins found in the body.  The first characterizations of these proteins came 
in the early 1960s (5).  In the 1970s Fe- S clusters with different nuclearities were 
easily reconstituted in vitro by incubating the apo-proteins with an excess of 
inorganic sulfide, ferrous iron and DTT or β-mercaptoethanol.  Those observations 
suggested maturation of iron sulfur cluster proteins could be a spontaneous process 
(5).  However, due to the intrinsic toxicity of free iron and sulfide, it became clear that 
dedicated proteins mediate the assembly of Fe-S clusters in living cells.  This 
understanding led to the identification of many proteins involved in the synthesis and 
maturation of Fe-S clusters, initially within the gene cluster of Azotobacter vinelandii 
in 1989 (6).  These proteins were dedicated to the assembly of the Fe-S cluster of 
nitrogenase that converts nitrogen to ammonia.  This machinery was later called 
nitrogen fixing (NIF) because two more biosynthetic systems were identified in 
bacteria: the sulfur utilization factor (SUF) and iron-sulfur cluster (ISC) pathways (7).  
 The major focus of this dissertation has been to characterize proteins within the 
ISC assembly pathway in eukaryotes, a process that takes place solely within the 
mitochondria.  In particular, I have focused on characterizing frataxin’s interaction 
with additional members of the assembly apparatus, especially in regards to its 
ability to serve as a mitochondrial iron chaperone during Fe-S cluster assembly.  My 
work provides some basic understanding of the molecules in the pathway, which will 
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be useful when addressing the pathogenesis of the cardio- and neurodegenerative 
disease FRDA.  My studies were both on the fly or yeast orhologs to provide a better 
understanding of shared functions across species.  These studies provide a strong 
platform for future research directed towards the cure of FRDA and related 
disorders.  In the following paragraphs I present a brief summary of this research 
and discuss future directions my work can go towards providing a better 
understanding of the role of frataxin in FRDA.  
 
1.1 Summary of Dissertation 
 As a start to better understand frataxin’s cellular function, the Stemmler lab 
solved the first solution structure of a full-length eukaryotic form of frataxin from 
yeast (8).  This and other reports suggested the possibility that the protein functions 
as an iron chaperone.  The Stemmler lab also showed that fly frataxin is more stable, 
compared to other eukaryotic orthologs, making it an excellent candidate for 
characterizing the protein’s function (9).  Drosophila frataxin binds a single iron atom 
with micro molar binding affinity in the same manner that has been seen for human 
frataxin (9).  Unfortunately the solution structure of Drosophila frataxin has not been 
solved, so a direct characterization based on the protein’s structure could not be 
accomplished.  To begin to address the lack of structural data, using biochemical 
data as a basis for structural characterization, I began by assigning the backbone 
residues of the fly frataxin (Dfh) using NMR spectroscopy (Chapter 2 of this 
dissertation).  Here I report my work directed at solving the structure of the mature 
Dfh.  I have obtained nearly complete atom resonance assignments (1H, 13C and 
15N) for Dfh.  Based on my assigned chemical shift values from backbone atoms, I 
was able to predict the secondary structure of Dfh and it is in close agreement with 
the human and yeast structures solved in our laboratory.  Given these close 
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secondary structural correlations of the orthologs, the structure of Dfh most likely 
exists in an alpha-beta sandwich structure consisting of two alpha helices forming a 
helical plane and five to six beta sheets forming a beta sheet plane for the planar 
molecule.  
 In addition to structural characterization studies, I performed experiments 
directed at functionally characterizing frataxin’s role in mitochondrial iron 
homeostasis.  Several in vivo studies suggest Dfh deficiency mimics FRDA 
conditions in Drosophila (10), so the role of the fly protein is surely maintained from 
yeast to humans.  Genetic studies revealed frataxin plays a direct role in Fe-S cluster 
production, and this hypothesis was later supported biochemically.  Based on 
biochemical data, I was able to design experiments that investigated Dfh’s role as an 
iron chaperone in the ISC pathway; these studies are outlined in detail in Chapter 3.  
These studies show HoloDfh is able to provide metal for in vitro Fe-S cluster 
production and that Dfh directly interacts with the fly scaffold protein (DIsu) in a metal 
dependent manner.  XAS studies were performed to provide snapshots of iron at 
various stages during cofactor assembly, suggesting that iron is present in ferrous 
form and maintained in the high spin state until actual Fe-S cluster synthesis is 
initiated.  Interestingly, like we showed in the yeast system (Chapter 4) iron initially 
binds to DIsu, not utilizing the conserved 3-Cys active site found in all ISU proteins, 
but rather at a site distinct from the assembly location.  Fluorescence spectroscopy 
performed on DIsu at a variety of stages during cofactor assembly showed 
apoprotein exists as molten globule.  The presence of a formed cluster on DIsu 
results in a protein structural rearrangement that makes the molecule more folded; 
the presence of cluster results in change of protein fold in a manner that decreases 
solvent exposed hydrophobic residues.  
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 Characterization of the interaction between frataxin and Isu1 in yeast forms the 
basis for the collaborative work outlined in Chapter 4.  Previously, our lab showed 
yeast frataxin binds iron and the holoprotein is able to deliver metal to Isu1 for use 
during Fe-S cluster production (11).  Biochemical and structural studies show Yfh1 
interacts with Isu1 via residues present on the β-sheet surface (12).  While working 
on Isu1, I found it also exists as molten globule protein just like the D. melanogaster 
and T. maritima orthologs.  During or concurrent with the formation of a Fe-S cluster 
on Isu1 changes the protein’s fold to again decrease the surface of solvent exposed 
hydrophobic regions.  In the case of yeast Isu1, my reverse titration of ANS onto Isu1 
indicated a single ANS binding site on Isu1.  
 In Chapter 5, we have shown that different ISU orthologs bind iron with a 
binding affinity that is tighter than iron bound to frataxin.  ISU transiently assembles 
Fe-S clusters via 3 conserved cysteine residues in the proteins assembly site.  In 
vivo, this process requires a sulfur donor, the cysteine desulfurase NifS (and it’s 
adapter protein Isd11 in eukaryotes) and an iron donor (believed to be frataxin).  
Outside of those requirements, little is known about the actual assembly process.  
Structural studies of ISU orthologs have proven difficult, as the protein is molten 
globule in nature (13).  However, a recently solved crystal structure of an ISU protein 
elegantly shows for the first time an intact cluster bound and the proposed active site 
(14).  To better understand the events leading up to cluster formation, we 
investigated the initial binding of iron to ISU proteins from a variety of organisms; this 
work is described in detail in Chapter 5.  Utilizing human, fly, yeast, and bacterial ISU 
proteins, we observed direct metal binding occurs entirely via O/N based ligands.  
The coordination environments differed slightly in each species, but the metal was 
high spin and predominantly in the reduced state.  Implications of these studies 
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suggest Isu has an initial metal binding site distinct from the active site.  The 
presence of a distinct initial metal binding site adds a new layer of complexity to our 
current understanding of Fe-S cluster production. 
 
1.2 Background Material 
 Information describing the background material for my project is provided 
directly from a review article I have written and which is currently in press in the 
journal “Chemistry – A European Journal”.  This review article was written in 2010 
and has been accepted for publication in the near future.  The article is presented 
below in the identical format provided for the journal, minus a cover figure. 
 
1.2.1 Abstract 
 Iron-sulfur clusters are multifaceted iron containing cofactors coordinated and 
utilized by numerous proteins in nearly all biological systems.  Fe-S cluster 
containing proteins help direct pathways essential for cell viability and participate in 
biological applications ranging from nucleotide biosynthesis and stability, protein 
translation, enzyme catalysis and mitochondrial metabolism. Fe-S containing 
proteins function by utilizing the unique electronic and chemical properties inherent 
in the Fe containing cofactor.  Fe-S clusters are constructed of inorganic iron and 
sulfide arranged in a distinct caged structural makeup ranging from [Fe2-S2], [Fe3-
S4], [Fe4-S4] up to [Fe8-S8] clusters.  In eukaryotes, cluster activity is controlled in 
part at the assembly level and the major pathway for cluster production exists within 
the mitochondria.  Recent insight into the pathway of mitochondrial cluster assembly 
has come from new in vivo and in vitro reports that provided direct insight into how 
all protein partners within the assembly pathway interact.  However, we are only just 
beginning to understand the role of each protein within this complex pageant that is 
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mitochondrial Fe-S cluster assembly.  In this report we present results, using the 
yeast model for mitochondrial assembly, to describe the molecular details of how 
important proteins in the pathway coordinate for cluster assembly. 
 
1.2.2 Introduction 
 Iron-sulfur clusters are ancient cofactors utilized in nearly every life form (5).  
These Fe-S clusters are constructed of inorganic iron and sulfide linked together in a 
branched fashion with each iron in direct contact with at least two sulfur atoms.  The 
simplest and most common types of Fe-S clusters found within eukaryotes are the 
rhombic [Fe2-S2] and cubic [Fe4-S4] forms, however examples of more complex 
forms up to the [Fe8-S8] can be found in bacteria and archea (15).  During the origin 
of ancient earth, spontaneous formation of Fe-S clusters took place easily under 
anaerobic conditions due to the high abundance of both iron and sulfur and their 
propensity to coordinate with each other.  However, with a global shift to an aerobic 
environment, cells adapted to assemble these air sensitive clusters by developing 
complex protein controlled mechanisms to complete cluster biosynthesis (16, 17).  
Once produced, Fe-S clusters are loaded onto proteins and these metalloproteins 
can be found in nearly every fundamental pathway in almost every cell.  Some 
classic examples of where these important proteins function include within the 
mitochondrial complexes (I, II, and III) of the respiratory chain, as aconitase within 
citric acid cycle, and as ferredoxins used for electron-transfer and signaling (18). 
 Biological pathways for assembling Fe-S clusters are accomplished using a 
highly conserved group of protein partners.  While Fe-S clusters are simple in 
regards to their chemical structure and composition, their cellular synthesis must be 
kept tightly controlled given the high reactivity of iron and the instability of the cluster 
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with regards to oxygen based chemistry.  As a result, multifaceted protein-controlled 
machineries direct the production of the cluster.  In bacteria, there are three different 
pathways for the production of Fe-S clusters: a) the nitrogen fixation (Nif) pathway, 
used for the maturation of nitrogenase, b) the general iron-sulfur cluster (ISC) 
pathway, which provides clusters for most cellular needs and c) the sulfur 
mobilization (SUF) pathway, highly active under oxidative stress conditions (17, 19, 
20).  All three pathways involve a central scaffold protein, a sulfur donor and an iron 
donor during biosynthesis of the clusters.  Each of these pathways has been 
extensively studied for bacterial Fe-S cluster production predominately in the 
Escherichia Coli and Azotobacter vinelandii systems (7, 19, 21). 
In eukaryotes, the mitochondrial ISC assembly pathway is the central channel 
for the biological production of Fe-S clusters (22).  The mitochondrial Fe-S cluster 
assembly pathway utilizes several of the same players used within the different 
bacterial assembly systems (23, 24).  General players utilized during the production 
stage include a scaffold protein that accomplishes assembly, a cysteine desulfurase 
that supplies sulfide to the scaffold protein, an iron chaperone that delivers metal to 
the scaffold protein and a ferredoxin that provides reducing equivalents for cluster 
assembly (25, 26).  For the most part, these proteins are highly conserved between 
eukaryotes and also within the different bacterial assembly production pathways (18, 
27).  Following assembly, complex networks of proteins participate in the transfer 
and delivery of functional clusters to ensure the newly produced Fe-S clusters are 
utilized properly.  In this article, we will explore the structural and functional roles of 
key proteins within the mitochondrial Fe-S cluster assembly pathway, focusing on 
the yeast model system when giving specific examples. 
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1.2.3 Mitochondrial Fe-S Cluster Assembly Pathway 
In yeast, mitochondrial Fe-S cluster assembly is a multistep and highly 
controlled protein driven process (28, 29).  Since free iron and sulfur are toxic, it is 
important that assembly be tightly regulated within the cell.  Given the high 
correlation between human and yeast systems, and the availability of well 
established techniques for studying yeast genetics, a large amount of the details 
regarding eukaryotic mitochondrial Fe-S cluster assembly have come from studies 
performed using the yeast model system.  Key molecular details for yeast cluster 
assembly pathway are given in Figure 1.1.  Overall, Fe-S cluster assembly involves 
2 steps: Step 1) the transient synthesis of cluster production on a scaffold assembly 
protein and Step 2) the transfer of a formed cluster to target apo proteins (25, 30, 
31).  Each stage is completed utilizing a coordinated set of proteins acting in a 
choreographed fashion.  
 For discussion, it is beneficial to break down each stage and look at the key 
players individually.  In the first stage of Fe-S cluster assembly; iron is imported into 
the mitochondria.  In yeast, iron is imported into the mitochondria via the inner 
membrane proteins Mrs3 and Mrs4, accomplished in a membrane potential, proton 
motive force driven fashion (32).  Iron delivery to the scaffold, Fe-S cluster assembly 
protein (Isu1 and or Isu2 in yeast) takes place most likely in a protein-controlled 
manner, and this iron chaperone function has been proposed for the protein frataxin 
(Yfh1 in yeast) (33).  The sulfur component of the Fe-S cluster originates from the 
amino acid cysteine via the activity of the cysteine desulfurase Nfs1, a pyridoxal 
phosphate-containing enzyme.  In eukaryotes Nfs1 must assemble with an essential 
small subunit of unknown function called Isd11 (34, 35).  A persulfide intermediate 
formed on the active site cysteine of Nfs1, perhaps requires an electron donor to 
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convert the sulfane S0 to sulfide S2- during transfer to the Fe-S scaffold intermediate 
(36).  The ferredoxin reductase Arh1 and ferredoxin Yah1 have been suggested to 
be involved at this step, utilizing electrons from NADH (37) or NADPH (38).  The 
cluster produced on the scaffold protein (Isu1 or Isu2) is labile, suggesting that it may 
constitute an intermediate for transfer to apoprotein recipients during the second 
stage of the pathway (18).  Several proteins have been implicated in the transfer of 
functional clusters from the scaffold intermediate to their recipient apoproteins, 
although this assembly stage has not been biochemically characterized in detail.  
Four proteins are thought to participate in this transfer, including a chaperone protein 
of the Hsp70 ATPase family (Ssq1), a DnaJ-like cochaperone protein (Jac1), a 
nucleotide exchange factor protein (Mge1) and the monothiol glutaredoxin (Grx5) 
(16, 18).  Binding of Ssq1 to Isu1/2 (in the highly conserved LPPVK region) 
stimulates the ATPase activity of Ssq1 when Jac1 is also present, while Mge1 is 
required for exchanging bound ADP with ATP.  The ATPase cycle somehow 
mediates release and transfer of the Fe-S cluster intermediates to apoproteins.  
Atm1, a mitochondrial inner membrane ABC transporter, is believed to export some 
component or signal for extramitochondrial Fe-S cluster assembly (39-41).  This 
component is essential for maturation of cytosolic Fe-S binding proteins.  An 
intermembrane space sulfhydryl enzyme Erv1 plays an important role in forming 
disulfide bridges and facilitating export.  Glutathione (GSH) assists in the transport 
process in a manner that is not clear. 
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Figure 1.1: Model of yeast mitochondrial ISC assembly (Step 1) and release 
(Step 2) prior to the cluster being exported from the mitochondria (25, 31).  Step 1) 
Mitochondria is shown as an oval shape double membrane organelle. Iron is 
imported into the mitochondria through inner membrane proteins Mrs3/4.  Assembly 
of the Fe-S cluster occurs on the Isu1 scaffold.  Cysteine is acted upon by the 
enzyme cysteine desulfurase (Nfs1) and accessory protein (Isd11) to deliver sulfur to 
Isu1.  The metal has been proposed to be delivered by the potential iron chaperone 
protein frataxin (Yfh1).  The reducing equivalents for the assembly reaction are 
provided by ferredoxin reductase (Arh1) and ferredoxin (Yah1).  Step 2) Release of 
Fe-S clusters (red and yellow color circles) to apoproteins occurs by interaction 
between Isu1 and Hsp70 chaperone Ssq1 in the presence of Jac1, Mge1 and Grx5, 
followed by multiple additional protein interactions. 
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In this review, we will focus only on the proteins in the mitochondrial assembly 
pathway (Step 1).  In regards to Fe-S cluster assembly, many of the players are 
known but the molecular details of how they interact and in each case the role of an 
essential partner interaction remains unclear.  In particular, the identity of the iron 
donor has been controversial.  Frataxin is believed to perform this function, based on 
the protein’s ability to bind iron, promote in vitro cluster assembly on Isu1 and an 
extensive amount of genetic evidence indicating Yfh1 interacts in vivo with Isu1 (and 
with Nfs1-Isd11), an interaction that is essential for cluster assembly (9, 33, 42-44).  
However, recent reports suggest an alternative role for frataxin acting as a 
gatekeeper for the formation of clusters (45, 46).  Regarding the scaffold protein, the 
mechanism for iron loading and details regarding the sequence of events for 
when/how protein partners interact with Isu1 remains unclear.  Finally, the role of 
Isd11 is not well established yet.  In this report, we will explore individually and in 
complex the molecular details of the interaction between assembly protein partners.  
 
1.2.3a Isu1 scaffold protein 
The Isu1 scaffold protein is a member of the U-type scaffold proteins and 
provides the primary site for [Fe2-S2] cluster assembly (47).  In yeast, two homologs 
exist (Isu1 and Isu2) (18, 47, 48) with a high degree of sequence homology 
compared to orthologs.  Isu2 results from recent gene duplication and is found only 
in some fungi such as S. cerevisiae; in following description we will refer to the yeast 
scaffold as only Isu1.  Protein sequence identities of Isu are very close to the human 
ortholog (72%), at 80% for the human to the Drosophila melanogaster (Dm) ortholog, 
but 28% for human to the bacterial ortholog from Thermotoga maritima (Tm).   Isu 
orthologs are often but not strictly stable as protein dimers; the active state of yeast 
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Isu1 is as a dimer (13).  Isu orthologs bind iron and sulfide for use during cluster 
assembly (25, 49).  Their assembly active site is constructed of three conserved Cys 
residues(50) and a fourth residue of varying identity; either a His, Asp, Ser or Lys 
have been proposed to complete the binding scheme (17).  In a highly related 
system, the assembly site in the Aquifex aeolicus IscU is constructed of Cys3His 
coordination (14).  Isu1 contains the LPPVK motif required for interaction with Ssq1 
(51).  Finally, the general structures of Isu are highly flexible and this flexibility is 
most likely important for both cluster assembly and transfer (52). 
The iron binding ability of the Isu orthologs are well documented, although the 
molecular and mechanistic details of this interaction are unclear.  Previous reports 
indicate T. maritima and H. sapiens Isu bind a single ferrous iron atom at micromolar 
binding affinities (2.7 and 2 µM respectively) (53, 54).  Similar results have been 
obtained from our laboratory for the fly and yeast orthologs, however both show 
slightly tighter binding affinities in the nanomolar range (55).  Spectroscopic evidence 
indicates each Isu ortholog initially binds iron in an oxygen/nitrogen based ligand 
environment lacking any sulfur ligation.  Based on this, we believe each Isu ortholog 
has an initial metal binding site distinct from the Cys3X assembly site.  Although the 
identity of this initial binding site is unclear, a comparison of the electrostatic potential 
surface of Isu1 indicates the protein’s C-terminal helix has a charge distribution that 
would accommodate ferrous iron binding (55).  Upon addition of sulfide to yeast holo 
Isu ortholog, iron turns over during cluster formation leading to partial Fe-(S) 
coordination with a Fe•••Fe vector of ca. 2.7Å, consistent with our UV-Vis data 
suggesting 2Fe-2S cluster formation (9). 
In Isu1, the three conserved cysteine residues (Cys71, Cys98 and Cys159) at 
the assembly site are all essential for Fe-S cluster formation (23).  Site-directed 
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mutagenesis studies, comparisons of iron-to-protein ratios and correlations of 
cysteine content vs. oligomeric state all confirm that one Fe-S cluster coordinates to 
each Isu monomer in the functional dimer (56, 57).  Isu1 exists as a molten globular 
protein, confirmed by 1-8 Anilinonaphthalenesulfonate (ANS) fluorescence 
measurements, however this structure is dramatically altered following cluster 
production (13, 23, 55).   Using the crystal structure of IscU from Aquifex aeolicus 
with a [Fe2-S2] cluster bound, one can develop a simulated model for Isu1 with the 
solvent-exposed Fe–S cluster-binding site containing the three conserved Cys 
residues and a semi conserved histidine as ligands. 
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Figure 1.2: Molecular details of the assembly complex.  Apo Yfh1 binds two 
ferrous iron atoms on the protein’s α-helix 1/ β-strand 1 region and delivers it to Isu1 
scaffold via beta sheet interface.  The initial iron-binding site on Isu1 is still unknown.  
The simulated Isu1 structure shows the Fe-S cluster-binding site towards N-terminal 
region, consisting of the 3 conserved cysteine residues.  Nfs1 and Isd11, in presence 
of PLP cofactor, catalyses the conversion of Cys to Ala resulting in the formation of 
persulfide bound to Nfs1.  Nfs1/Isd11 interacts with Isu1, in presence of Yah1 and 
Arh1, which releases sulfur for the formation of Fe-S clusters. 
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1.2.3b The Nfs1 cysteine desulfurase enzyme 
The Nfs1 cysteine desulfurase provides sulfur required for Fe-S cluster 
biosynthesis (58).  Nfs1 is a pyridoxal 5’-phosphate (PLP) dependent gamma-lyase 
enzyme with a high degree of homology with other ISC cysteine desulfurase 
orthologs (sequence identity of 64% for human, 67% for fly, 37% for Tm) (36).  
Nfs1 catalyzes the degradation of Cys as the substrate to the Ala product, liberating 
sulfur in the process, which then forms an internal persulfide bond with a conserved 
internal Cys residue (Cys 421 in yeast and Cys 324 in Thermotoga) on Nfs1 (Figure 
1.2).  Studies of the ortholog NifS from A. vinelandii provides strong evidence that 
sulfane sulfur (i.e. S0) in the persulfide bond is the activated form utilized for Fe-S 
cluster assembly (59).  Enzymatic production of the sulfide for Fe-S cluster assembly 
requires PLP, a derivative of vitamin B6 that includes pyridoxamine 5’-phosphate and 
pyridoxine 5’-phosphate as cofactors.  PLP is covalently bound to the εamino group 
of an internal conserved lysine residue (Lys 299 in yeast and Lys 203 in 
Thermotoga), forming an internal aldimine (60, 61). There is shared formation of an 
external aldimine when the α-amino group of the substrate replaces the lysine.  The 
activated form of sulfur within the persulfide moiety can then easily be transferred to 
Isu1 to promote Fe-S cluster assembly. 
Structural details regarding the Nfs1 active site have come from studies from 
orthologs.  Crystal structures of E. coli IscS and the T. maritima NifS orthologs have 
both been solved and both appeared as homodimers of a size about 45 kDa (60, 
61).  While the proteins share only a 40% sequence identity, their overall fold is 
similar to what is expected for members of the α-family of PLP enzymes.  Both 
crystal structures indicate a two-domain protein dimer, with one domain harboring 
the pyridoxal-phosphate-binding site and the second smaller domain containing the 
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active-site cysteine believed to transiently carry the sulfur released from cysteine as 
a persulfide adduct.  In the T. maritima structure, the twelve residues including the 
persulfide forming cysteine (Cys324) are unfortunately located in a disordered region 
of the structure (61).  However, this region is well resolved in the E. coli structure and 
it shows this persulfide forming cysteine to be about 17 Å from the enzyme’s active 
site (60).  The N-terminal β-strand in the bacterial protein, which is essential for 
activity, connects the two domains of the protein. 
 
1.2.3c The Isd11 accessory protein 
The Isd11 accessory protein is important for cysteine desulfurase activity (25).  
Interestingly, the mature functional form of eukaryotic Nfs1 requires the presence of 
the accessory protein Isd11 for activity.  However, no bacterial homolog of Isd11 has 
been found suggesting Isd11 is eukaryotic specific for Fe-S assembly.  In vivo 
pulldown assays indicate yeast Nfs1, of a molecular size of ~ 52 kDa, is associated 
with Isd11 (11 kDa in size) and together they form a complex of about ~ 200 kDa in 
size (34, 35).  Nfs1 by itself is prone to aggregation and degradation, however these 
traits are generally abolished when Isd11 is present (62).  Although the protein 
sequence of Isd11 is less conserved between eukaryotic orthologs, it is conserved 
from fungi to humans.  In vivo depletion of Isd11 greatly reduces the levels of 
aconitase and Rieske containing proteins and absence significantly impairs the 
catalyzed formation of iron-sulfur clusters on Isu1 (34).  The presence of Isd11 is 
required for in vivo activity of Nfs1.  While these results suggest Isd11 may control 
the in vivo stability and function of Nfs1, additional results suggest Isd11 may also 
mediate the intermolecular interaction between Isu1, Nfs1 and frataxin (44, 62).  
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Either way, Isd11 appears to play a functional role in mitochondrial Fe-S cluster 
assembly in eukaryotes (63, 64). 
 
1.2.3d The Yfh1 frataxin protein 
 The Yfh1 frataxin protein is essential for cellular iron homeostasis and likely 
plays a direct role in Fe-S cluster assembly (65, 66).  While the exact function of 
frataxin is unknown, it has been suggested to function in a variety of capacities 
including as an iron chaperone for both heme and Fe-S cluster pathways, as an iron 
storage protein in the mitochondria, within the aconitase repair pathway, in energy 
metabolism and recently as a gatekeeper in controlling NifS activity (46).  Frataxin 
deficiency in humans is the cause of the cardio-/neurodegenerative disorder 
Friedreich’s ataxia (FRDA), which affects ca. 1 in 50,000 live births (67, 68).  
Phenotypes of the disorder include mitochondrial iron overload, breakdown in Fe-S 
cluster and heme biosynthesis, and elevated reactive oxygen species likely due to 
the unregulated presence of high mitochondrial iron concentrations (71, 72).  To 
begin to understand the function of frataxin, we will first explore the biophysical 
details of the molecule. 
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Figure 1.3: Proposed Yfh1 iron binding residues.  Apo protein structure (PDB ID# 
2GA5) showing solvent exposed α-helix 1 (D86, E93, H95) and β-strand 1 (D101, 
E103) residue side chains involved in iron binding, as identified by NMR titrations (8, 
69, 70). 
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 Structural and processing details indicate frataxin predominately functions as 
a soluble protein within the mitochondrial matrix (73).  In eukaryotes, frataxin is 
nuclear encoded but targeted to the mitochondria (74-76).  In vivo screens indicate 
mature processed Yfh1 (minus the targeting sequence) is found predominately in the 
matrix (77).  Solution and crystal structures have been reported for the yeast (8), 
human (78, 79) and bacterial (80) frataxin orthologs.  Frataxin has a unique fold that 
combines two terminal α-helices, constructing one plane of the molecule, and five 
antiparallel β-strands, that construct the second plane, placing the protein in the α-β 
sandwich structural motif.  A sixth and sometimes seventh β- strand are found 
connecting the two planes, giving a general shared frataxin topology of 
α1β1β2β3β4β5β6(β7)α2 that is structurally conserved between eukaryotes and 
prokaryotes (65).  In Yfh1 and in all other structurally characterized frataxin 
orthologs, numerous solvent exposed acidic residues line the α1 and β1 protein 
region, forming a contiguous anionic surface ideally suited for iron binding. 
 All frataxin orthologs bind iron, suggesting a direct role in cellular iron regulation 
and utilization.  The iron binding activity of Yfh1 was the first recorded for the frataxin 
orthologs (11).  When exposed to high iron concentrations at low salt in an 
environment uncontrolled for oxygen, Yfh1 assembles in a step-wise fashion to form 
24-mer spherical aggregates that loosely resemble the iron storage protein ferritin 
(81).  While Yfh1 aggregation may be important under iron stressed conditions, the 
monomeric form of frataxin is the functional form during normal mitochondrial Fe-S 
cluster assembly (44).  Metal to protein stoichiometries, measured for monomeric 
bacterial (82), yeast (11), fly (9) and human frataxin (42), show these proteins will 
tightly bind 2, 2, 1 and up to 6 Fe(II) atoms, respectively.  Iron dissociation constants, 
measured for bacterial (CyaY), yeast (Yfh1), fly (Dfh) and human frataxin (HsFtx) 
21 
 
give averaged KD values of ca. 4, 3, 6 and 12-55 µM, respectively.  NMR studies 
have implicated the conserved Asp, Glu and His residues in the protein’s α-helix 1 
and β-strand 1 as being involved in iron binding (Figure 1.3) (8, 11).  Structural 
studies show frataxin binds Fe(II) in a high spin symmetric 6-coordinate ligand 
environment constructed exclusively by oxygen and nitrogen based ligands, in good 
agreement with α-helix 1 and β-strand 1 Asp, His and Glu residues identified as 
interacting with iron in the NMR titrations (69, 83, 84). 
 
1.3 Interaction Between Assembly Protein Partners  
Cofactor assembly is believed to proceed through formation of a 
macromolecular complex involving Nfs1, Isd11, Isu1 and Yfh1.  Complex formation 
between protein partners ensures cluster assembly and delivery proceeds in a 
controlled manner.  Regarding the Yfh1/Isu1 interaction, NMR chemical shift 
mapping studies implicate frataxin’s β-sheet surface as the binding region onto Isu1 
(55).  Molecular details obtained from studying the Yfh1/Isu1 interaction indicate key 
residues on frataxin’s β-sheet surface (N122, K123, Q124, W131) are important in 
forming the intermolecular interface with the scaffold protein (85).  In most cases, 
frataxin and Isu protein binding was iron dependent (42).  Although additional details 
of how all the yeast proteins interact are not yet clear, insight can be gained from 
looking at studies of orthologs.  A recent crystallographic study of the bacterial 
system provides structural insight into how cysteine desulfurase (IscS) and the 
scaffold (IscU) interact (86).  The IscS/IscU complex structure suggests IscU 
interacts with the C-terminus of the cysteine desulfurase near the IscS active site 
cysteine (Cys328).  The three conserved cysteines of the IscU active site project 
towards the IscS Cys328 containing loop.  In vivo binding analysis places the 
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bacterial frataxin binding interface on IscS in close proximity to the IscS/U binding 
surface (86).  NMR mapping studies of CyaY binding to IscS implicate the conserved 
residues in the frataxin helix-1/strand 1 ridge as interacting with the cysteine 
desulfurase (46).  
By simulating the structures of Isu1 and Nfs1, based on the structures of the 
bacterial orthologs, we have been able to propose a structural model for how the 
yeast proteins interact with frataxin (55).  In our model, Yfh1 could interact with both 
Isu1 (using frataxin’s β-sheet surface) and Nfs1 (using frataxin’s α1-β1 ridge) with 
minor closing of Nfs1 dimer exposed gap, placing both frataxin and the cysteine 
desulfurase in position to donate substrates to Isu1 for cluster assembly.  However, 
the positioning, the stoichiometry, and the function of Isd11 are still poorly defined.  
As stated previously, in eukaryotes Nfs1 requires a small accessory subunit Isd11 
(34).  Isd11 has been proposed to stabilize Nfs1 through a direct interaction (35).  
For the formation of the Fe-S cluster on Isu1/2, sulfur is provided by a direct 
interaction with the Nfs1/Isd11 complex (43, 50, 87).  A large number of the 
molecular details for this interaction have come from extensive studies of the 
bacterial cluster assembly pathways.  The mechanism of sulfur transfer between 
cysteine desulfurase and the scaffold is unclear.  Two hypothesis have been 
proposed: either transfer could occur via the formation of a heterodisulfide-bridged 
intermediate between Nfs1 and Isu1 (88) or via a transpersulfuration reaction similar 
to that observed in the bacterial SUF system (24).  The sulfur transfer in the SUF 
system involves a conserved cysteine on the sulfur transfer protein (SufE), which 
binds to the sulfur released from the cysteine desulfurase (SufS) to form an 
intermediate persulfide bond before it is transferred to the corresponding scaffold 
protein.  In this process SufE stimulates the activity of SufS (89, 90).  Isd11 in yeast 
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resembles SufE in some respects, but it is unlikely to function as a sulfur transfer 
protein, because it completely lacks cysteine amino acids in its polypeptide 
backbone. 
Although the exact role of frataxin in Fe-S cluster assembly is still not clear, this 
protein interacts with the scaffold protein, the cysteine desulfurase and with Isd11, 
either individually and within a multiprotein complex, suggesting it is a key player in 
regulating the pathway (43, 44).  The binding interaction between holo Yfh1 and apo 
Isu1 has been shown to be sub micromolar affinity (166 nM) (55).  This binding 
affinity is higher than iron binding affinity of frataxin suggesting the interaction is 
thermodynamically favorable for metal delivery if frataxin is the chaperone in the 
pathway.  Further, co-purification studies from pulldown assays indicate Yfh1 forms a 
stable complex with Isu1/Nfs1 (43, 44, 91).  Binding between Yfh1 and Isu1/Nfs1 
was significantly higher when physiological concentrations of ferrous iron were 
maintained during complex isolation (42, 43).  Mechanistic details of the 
frataxin/cysteine desulfurase interaction are however lacking.  In the bacterial 
system, frataxin regulates the cysteine desulfurase in an iron dependent manner and 
evidence suggests, at high iron to protein ratios, frataxin perturbs the activity of the 
cysteine desulfurase and formation of the Fe-S cluster, suggesting frataxin acts as a 
negative regulator of the cysteine desulfurase (46).  In contrast, recent results with 
orthologs indicate frataxin positively regulates the Km for cysteine desulfurase 
substrate binding suggesting frataxin is acting as an allosteric activator for the 
enzyme (92). The role of the frataxin/Isd11 interaction is also still unclear.  Frataxin 
has been shown to interact with Isd11 using co-immunoprecipitation and mass 
spectrometry in mammalian cells (91).  However, this interaction of human frataxin 
and the human Isd11 ortholog (ISD11) decreases under clinical point mutations 
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I154F and W155R, which can be restored via Nickel supplementation (91).  Given 
the degree of binding overlap between each protein partners, it is reasonable to 
suggest in vivo cluster assembly occurs through the formation of a complex core 
constructed of all protein partners.   
 
1.4 Summary and Outlook 
Iron-sulfur containing proteins are found ubiquitously in the body and they 
participate in many fundamental biochemical tasks in nearly every living cell.  The 
mitochondrial ISC pathway supplies clusters for proteins within the mitochondria, and 
also plays a role in cluster incorporation in the cytosol and throughout the cell (16).  
Due to their widespread usage in many fundamental biochemical pathways, it is no 
wonder that humans, with a deficiency in the production of any of the protein 
partners responsible for cluster assembly, have serious disorders often incompatible 
with life (18).  Friedreich’s ataxia, a deficiency in production of functional frataxin, is 
just one such disorder.  Despite the importance of this pathway, we are just now 
beginning to understand the molecular events that lead to mitochondrial Fe-S cluster 
assembly.  Future studies directed at understanding the pathway at a molecular level 
will surely need to focus on the structural aspects of how the protein partners interact 
and the biophysical characterization of key molecular elements that drive these 
interactions.  A glimpse of these structural details has recently been supplied in the 
bacterial system (93).  Once these details are provided, a mechanistic understanding 
of how these protein partners produce Fe-S clusters will surely follow. 
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CHAPTER 2 
BACKBONE ATOM CHEMICAL SHIFT ASSIGNMENTS FOR MATURE 
DROSOPHILA FRATAXIN HOMOLOG (DFH) 
 
2.0 Prelude 
 Friedreich’s ataxia, the most prevalent hereditary ataxia is caused by a 
patient’s inability to produce a viable form of the protein frataxin (1-3).  Frataxin is a 
nuclear encoded protein transported to the mitochondrial matrix (1, 4), believed to 
serve as an iron chaperone/regulator of the Fe-S cluster (ISC) assembly pathway (5-
9).  There is still controversy regarding frataxin’s role as an iron chaperone and 
questions remain regarding the interface of interaction with its partner proteins.  Thus 
a structural clarification of frataxin is essential for understanding the molecular and 
atomic details of how the protein functions.  With this goal in mind, we report the 
nearly complete NMR chemical shift assignments of the mature Drosophila frataxin 
homolog (Dfh).  The predicted structure of the mature Dfh suggests the protein is 
well folded with an alpha/beta sandwich like structure, in agreement with the 
published structures for other orthologs (6, 10-12).  Our work with Dfh provides a 
starting point for further characterization of metal binding and partner protein 
interaction sites in the stable fly system. 
 
2.1 Biological context  
 Friedreich’s ataxia (FRDA), a cardio- and neurodegenerative disorder 
affecting 1 in 50,000, is caused by an inability to produce a single mitochondrial 
protein “frataxin” (1).  Protein deficiency in FRDA patients is typically the result of an 
atypical GAA trinucleotide intronic expansion in the frataxin gene that disrupts 
transcription, although a subset of patients have frataxin single point mutations (3).  
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Phenotypes of the disorder include Fe-S cluster (ISC) deficiency, as well as 
mitochondrial iron overload coupled to cell death as a result of reactive oxygen 
species (ROS) induced oxidative stress performed by unregulated iron chemistry (13, 
14).  Current treatment strategies have suffered however from a lack of specific 
knowledge regarding the exact role frataxin plays in regulating cellular iron 
homeostasis.  Such functional knowledge at the molecular level would be extremely 
beneficial, since it would provide an additional focal point to target new alternative 
drug treatment strategies.     
 A large amount of work in the frataxin field has been performed using the yeast 
and human model systems and these studies have revealed valuable insight into the 
biochemistry of the protein and its role in the molecular pathogenesis of FRDA (6, 
15-18).  However, FRDA research has suffered due to deficiencies in the proteins 
within these model systems.  Instability of human frataxin towards N-terminal 
autodegradation and the high susceptibility for oxidative induced protein aggregation 
in the yeast ortholog plagued studies with both eukaryotic models.  Recently, our 
laboratory fortuitously discovered that the frataxin homolog from Drosophila 
melanogaster (Dfh) is much more stable than the other orthologs (8), making the fly 
system a perfect model for structure/function characterization. 
 In addition to issues of protein stability, Dfh makes an excellent model system 
for studying frataxin function since Dfh shares a high degree of sequence homology 
with other frataxin orthologs especially 53% with the human protein(19).  It also plays 
a direct role in controlling cellular oxidative stress, with activity towards aconitase 
repair and stability (20-23).  Under anaerobic conditions, Dfh exists as a stable iron-
loaded protein monomer and this form of the protein is arguably the functional form 
of the protein under normal cellular conditions.  We have shown Dfh prevents 
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reactive oxygen species-induced oxidative damage to DNA in presence of both Fe 
(II) and H2O2, so the protein has additional functions in addition to possible iron 
delivery.  Finally, the fact that Dfh mediates Fe(II) delivery to yeast Isu, promoting 
Fe-S cluster assembly in vitro in the process, has implications for protein activity 
(and the potential for teasing out mechanistic details) between species (8).  Given 
the direct correlation between frataxin’s function and ISC biosynthesis, the fly model 
could therefore be exploited to provide real insight into Fe-cofactor bioassembly.  Dfh 
structural data will therefore allow us to probe relevant iron binding site residues 
used in ISC assembly.  
 In order to get structural information regarding Dfh, we present the assignment 
of the backbone atom chemical shifts, obtained by Nuclear Magnetic resonance 
(NMR) spectroscopy, in this report.  Dispersion of amide resonances in the 15N 
HSQC spectra of the 59-190 residues of fly frataxin construct (Figure 2.1) confirm 
the majority of residues exist in a structured region.  CSI is a program that predicts 
protein’s secondary structure.  CSI measures the deviation of the obtained chemical 
shift value assigned to each backbone atom in the molecule of interest to values 
from an averaged library for atoms in a random coil, helix and strand.  The sign and 
magnitude of these deviations can then be used to correlate the predicted secondary 
structure type that the residue is found in, providing a way to get a rough estimate of 
the probable secondary structure profile of the molecule from just the chemical shift 
assignments.  Prediction of secondary structural elements for Dfh in solution using 
chemical shift indices (CSI) analysis within the program nmrView (24) suggests the 
protein secondary structural elements are highly conserved between orthologs, and 
the structure most likely exists as an α/β sandwich motif family member (Figure 2.2).  
The predicted Dfh secondary structure lacks the N-terminal 310 helix observed in the 
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yeast frataxin structure (6) but it shows the presence of a beta strand before the 
helix1, suggesting the Dfh structure is little different than the human frataxin N-
terminal extension protein (11, 25).  Based on the predicted structural regions of the 
protein using the highly reliable Cα, N and CO data, the structure of Dfh consists of 
helices formed by the [residues 13-37 (H1) and 108-120 (H2)] and seven β-strands 
covering residues 10-12 (S1), 46-48 (S2), 53-57 (S3), 72-74 (S4), 77-79 (S5), 88-93 
(S6) and 96-100 (S7).   
 The CSI predicted structure of Dfh suggests that it consists of 27% beta sheet 
and 36% helical content.  Based on this predicted structure we wanted to see Isu 
binding residues on the Dfh structure.  In case of yeast frataxin (Yfh1), the Isu 
binding residues have been assigned already. The corresponding residues of Dfh 
include Glu 32, Thr 35 (lie on helix 1 region); Val 52, Leu 53, Thr 54, Val 55, Leu 57 
(lie on beta sheet 1 surface); Gln 105, Gly 117 and Ser 119 (lie on loop and helix 2 
surface).  Thus most of the functionally important residues of frataxin lie on the same 
region on predicted protein as in case of yeast frataxin. 
 The backbone atom chemical shift assignments of Dfh provides a control for 
future experiments directed at monitoring structural changes on the protein coupled 
with Fe(II) and partner protein binding.  Using the predicted secondary structure 
model, we found most of the corresponding residues in the yeast frataxin iron 
binding site (Ala 26, Asp 29, Glu 36, Asn 37, Ala 47 and Tyr 48 - based on Dfh 
numbering) lie on the helix-1 and strand-2 portion of the molecule (5). 
 
2.2 Methods and experiments  
2.2.1 Labeling, expression, and purification of Drosophila Frataxin 
 N-labeled and 13C/15N doubly labeled Drosophila frataxin, spanning amino acids 
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59–190, were obtained from bacteria grown in M9 minimal medium with 15NH4Cl and 
13C6 D-glucose as the sole nitrogen and carbon sources, respectively.  The construct 
was expressed in the E. coli BL21 (DE3) strain transformed with a modified pET 
101/D-TOPO vector DNA.  For protein expression, E. coli competent cells were 
grown at 37°C, Dfh expression was induced at an OD600 of 0.4 with 1 mM IPTG for 5 
hours, lysed with a French press and sonicated to liberate protein and disrupt DNA.  
Pure protein expressed at the mass of 50 mg/L of cell media.  Two ammonium 
sulfate precipitation steps (40% using the supernatant, 65% using the precipitate) 
were performed to obtain partially purified Dfh pellet.  This pellet was dialyzed twice 
against a 1:200 volume dilution of Buffer A (25 mM Tris-Cl, 10mM EDTA, 5mM β-
mercaptoethanol, pH = 8) for at least 6 hours.  Following dialysis, protein was 
subjected to anion exchange chromatography using a Q-Sepharose column 
(Pharmacia) equilibrated in Buffer A, and eluted using a sodium chloride salt gradient 
(also in Buffer A) up to a final concentration of 1 M.  Dfh eluted at a sodium chloride 
concentration of 500 mM.  Following 2 additional dialysis steps, the protein was 
subjected to a Phenyl-Sepharose column (Pharmacia) run using Buffer A and a 
reverse 1M ammonium sulfate gradient.  Dfh eluted at 800 mM ammonium sulfate.  
Following an additional dialysis step, the final purification stage utilized a Sephacryl 
75 size-exclusion column equilibrated with 20 mM HEPES, 150 mM NaCl at pH=7.5.  
Freshly isolated protein was degassed on a Schlenk line and stored under positive 
argon pressure at 4°C until required.  
 
2.2.2 Nuclear magnetic resonance spectroscopy (NMR) 
 NMR spectra were acquired at 298 K on a Varian INOVA 720 MHz 
spectrometer (National High Field Magnet Laboratory, Tallahassee FL) and on an in 
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house Varian INOVA 600 MHz spectrometer.  The 720 MHz spectrometer was 
equipped with a triple resonance gradient room temperature probe while the 600 
MHz spectrometer utilized a Varian triple resonance gradient cold probe.  Frataxin 
samples used in the backbone assignments were prepared at 1.2 mM concentration 
in NMR buffer (20 mM HEPES, 150mM NaCl, pH 7.5, 90% H2O and 10% D2O).  
Backbone assignments were made using the following experiments: 15N-HSQC, 
HNCO, HNCACB and CBCA(CO)NH. HNCACB spectra provide C shifts for the 
amino acid of interest, as well as from the residue immediately N-terminal in the 
protein’s sequence.  CBCA(CO)NH spectra are used to verify chemical shifts of the 
N-terminal residue.  When combined, these data allow one to make sequential 
assignments for the backbone of a protein.  All spectra were analyzed according to 
established lab protocols (6) using the processing programs NMRPipe (26) and 
nmrView (24).  Secondary structure prediction based on backbone atom chemical 
shift suggests that mature Dfh contains 2 alpha helices and 7 beta sheets. 
 
2.2.3 Assignments and data deposition 
 Residue assignments for the mature (59-190) Drosophila frataxin protein are 
provided in the high-resolution 15N-HSQC spectrum for the protein (Figure 2.1).  Full 
backbone assignment was achieved for 128 out of 133 residues (Appendix 1).  We 
could not assign 5 Proline residues in the protein.  For further reference, the residue 
sequence for full-length Drosophila frataxin can be found at 
http://www.uniprot.org/uniprot/Q9W385.  Chemical shift assignments are deposited 
in the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/) under the 
accession code BMRB- 17135. 
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Figure 2.1.  Assigned 15N HSQC spectrum of Dfh.  Data was collected on the 
National Magnet Laboratory’s Varian INOVA 720 MHz spectrometer at 298 K and at 
in house INOVA 600 MHz. 
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Figure 2.2.  Summary of proposed secondary structural elements for Dfh 
based on A) Cα, B) Cβ, C) Carbonyl carbon and D) N, in solution obtained from 
CSI analysis using NMRView.  Single letter residue designations are provided (top) 
with predicted secondary structural elements displayed in red (helix), blue (strand) or 
grey (unfolded).  
A 
B 
C 
D 
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Figure 2.3. Consensus secondary structure prediction. This structure is 
predicted using the secondary structure prediction for Cα, N and Carbonly carbon. 
Prediction is made manually  by using consensus where two of the three values 
points the same prediction.   
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CHAPTER 3 
 
MOLECULAR CHARACTERISTICS OF THE DROSOPHILA FRATAXIN-ISU 
INTERACTION DURING FE-S CLUSTER ASSEMBLY  
 
3.0 Prelude 
 Frataxin, a conserved nuclear encoded mitochondrial protein, plays a direct 
role in iron-sulfur cluster biosynthesis within the ISC assembly pathway.  
Biochemical and genetic studies have shown frataxin interacts with the iron-sulfur 
cluster assembly scaffold protein, possibly serving as an iron chaperone in the 
assembly pathway.  In this chapter, I have performed experiments to characterize 
Drosophila frataxin’s role as the putative iron chaperone during iron-sulfur cluster 
biosynthesis.  It provides molecular details of how Dfh interacts with DIsu as a 
structural module to better understand the multiprotein complex assembly.  
Thermodynamic binding parameters for protein partner and iron binding were 
measured using isothermal titration calorimetry (ITC).  X-ray absorption studies were 
used to electronically and structurally characterize how iron is transferred to DIsu 
and then incorporated into a Fe-S cluster.  This work is featured in a manuscript that 
is in preparation.  
 
3.1 Introduction 
 Frataxin, a nuclear encoded protein targeted to the mitochondria, is essential 
for cellular iron homeostasis and implicated as participating within the mitochondrial 
iron-sulfur (Fe-S) cluster biosynthesis assembly pathway (1-4).  Frataxin deficiency 
in humans leads to the neurodegenerative disorder Friedreich’s Ataxia (FRDA), 
which affects 1 in 50,000 (1, 5).  The disorder is characterized by mitochondrial iron 
overload, a breakdown in the Fe-S cluster assembly pathway and a general 
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disruption in iron regulation (2, 6).  Although numerous roles have been attributed to 
frataxin, a direct function during mitochondrial Fe-S cluster assembly seems the 
most likely (7, 8).  Recent data suggest frataxin most likely participates in Fe cofactor 
assembly by serving either as a mitochondrial iron chaperone, supplying the iron 
required for cluster assembly, or as a modulator/activator for the enzymatic activity of 
assembly protein partners (9, 10). 
 In eukaryotes, the major pathway for production of Fe-S clusters is localized 
within the mitochondria and controlled by the eukaryotic ISC assembly pathway.  
The ISC machinery is constructed of a scaffold assembly protein (Isu/IscU), a 
cysteine desulfurase (Nfs/IscS), an accessory protein (Isd11) found in eukaryotes 
only, and the protein frataxin (11-14).  Frataxin has been shown to interact directly 
with Isu, Nfs and Isd11 individually and within a multiprotein complex in vivo (14-17).   
In vitro, frataxin has been shown to both stimulate Isu1 activity and to positively and 
negatively regulate Nfs1 activity by interacting directly with the respective protein 
partners (9, 10).  Frataxin is an iron binding protein and the binding interaction 
between frataxin and Isu is metal dependent (16, 18-20), suggesting metal sharing is 
a key component in assembly activity, however the interaction between the bacterial 
frataxin (CyaY) and cysteine desulfurase (IscS) is metal independent (9, 21), 
suggesting regulation of the pathway by frataxin is a elastic event.  Modeling studies 
based on experimental data suggesting frataxin binds to the scaffold/desulfurase 
complex at the IscS dimer interface cleft with IscU attached was recently confirmed 
by reconstructions of the X-ray scattering data (21).  Combined, these data indicate 
a direct influence of frataxin on Fe-S cluster assembly by interaction with the multi-
protein ISC machinery. 
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 Investigation of frataxin’s interaction with each protein in the machinery is 
essential for understanding the molecular contacts that drive frataxin’s participation 
within the pathway.  Structural studies of frataxin alone show the protein is highly 
conserved in evolution, has an α-β sandwich motif architecture (Figure 3.1).  
Frataxin binds iron at micromolar affinity utilizing key conserved acidic residue side 
chains on the protein’s helix-1/strand-2 ridge (8, 19, 20).  Iron is bound anaerobically 
as high spin ferrous metal in a symmetric 6-coordinate ligand environment 
constructed of only oxygen and nitrogen based ligands (8, 16).  Iron loaded frataxin 
binds to Isu with nanomolar affinity utilizing conserved residues on the protein’s β-
sheet plane, with support from helix-1 residues (16).  When sulfur is supplied 
chemically to the frataxin/Isu/Fe system, a high percentage of bound iron is 
converted into a functional 2Fe-2S cluster that has been confirmed structurally and 
spectroscopically (8, 16).  These data highly support a direct interaction of frataxin to 
Isu in a manner highly consistent with frataxin serving as an iron chaperone for the 
pathway. 
 In this report, we utilized proteins in the fly model system to further elucidate 
the molecular details of how frataxin interacts with the scaffold protein.  Our recent 
characterization studies of Drosophila frataxin (Dfh) show the protein is highly stable 
against degradation/aggregation seen with the human and yeast model systems, 
and the stability of the fly orthologs is shared with the other proteins in the ISC 
machinery.  Isothermal titration calorimetry (ITC) was used to characterize the 
binding affinity and stoichiometry between DIsu and iron, and DIsu and Dfh in the 
presence and absence of metal.  X-ray absorption spectroscopy was used to 
characterize the metal spin state and the electronic properties, and the structure of 
iron bound to DIsu alone and in the DIsu ± Fe-Dfh complex in the presence and 
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absence of chemical sulfide.  Finally, the influence of cluster assembly on the DIsu 
fold was tested using fluorescence spectroscopy.  Combined these data provide 
structural and mechanistic insight into the frataxin-scaffold interaction that assists in 
driving the mitochondrial Fe-S cofactor production pathway.  
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Figure 3.1. Top: ClustalW alignment for Drosophila, Human, Yeast and 
Bacterial frataxin orthologs. Bottom three sequences represent structurally 
characterized frataxin orthologs.  Secondary structural elements (α-helix in blue and 
β-sheets in yellow) are given below the sequences.  Bottom: Ribbon diagrams for 
Drosophila, Human, Yeast and Bacterial frataxins.  Structural figures were made 
using crystal structure of Human (PDB ID# 1EKG) while solution structures of Yeast 
(PDB ID# 2GA5) and Bacterial (PDB ID# 1SOY) frataxins using PYMOL software.  
The structure of Drosophila frataxin was simulated using Swiss-Prot server with 
human frataxin as template. 
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3.2 Materials and Methods 
3.2.1 Protein Expression and Purification 
 The plasmid for expression of mature Dfh (minus 59 amino terminal residues) 
and protein purification has been described previously (8).  Briefly, the gene 
encoding for mature Dfh was cloned in pET101/D-TOPO (Invitrogen) expression 
vector and transformed into BL21(DE3) Escherichia coli competent cells for 
expression.  The cells were grown at 37°C and induced with 1mM IPTG at O.D600 of 
0.4.  After 5 hrs the cells were harvested.  All subsequent steps were performed at 
4°C.  Cells were resuspended in 25mM Tris buffer (pH 8.0), 10mM EDTA and 5mM 
β-Me (Buffer A) with Complete protease inhibitor cocktail, lysed using 2 passes 
through a French Pressure Cell followed by 2 rounds of sonication and spun at high 
speed (21,000 rpm for 1hr).  A 40% Ammonium Sulfate (AS) condition was applied 
to the supernatant and spun down (8,000 rpm for 10 min).  The remaining 
supernatant was brought to 65% AS and again spun down (8,000 rpm for 10 min).  
The pellet was then resuspended in a minimal volume of Buffer A and 1 protease 
inhibitor tablet, set to stir for 20 min before being loaded into a dialysis membrane 
(10 kDa cutoff) and dialyzed into the Buffer A overnight with one buffer change.  The 
resultant protein mixture was filtered twice (0.45 µm and 0.20 µm) before loading 
onto a Q-Sepharose anion exchange column (Pharmacia) equilibrated with Buffer A, 
and run with a linear salt gradient (0 - 1 M NaCl).  Dfh eluted at a sodium chloride 
concentration of 500 mM.  Following two additional dialysis steps, the protein was 
subjected to a Phenyl Sepharose column (Pharmacia) run using buffer A and a 
reverse 1 M ammonium sulfate gradient.  Dfh eluted at 800 mM ammonium sulfate. 
Following an additional dialysis step, the final purification stage utilized a Sephacryl 
75 size-exclusion column equilibrated with 20 mM HEPES buffer (pH=7.5), 150 mM 
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NaCl and 5 mM β-Me.  Freshly isolated protein was concentrated to 50 mg/L and 
degassed on a Schlenk line and stored under positive argon pressure at 4°C in same 
buffer.  Under these conditions, the protein was stable for more than 2 weeks against 
degradation and precipitation. 
 DIsu cDNA was obtained, prepared from the adult head tissue in a pOT2 
vector, from the “Drosophila Genomics Resource Center” (Clone ID: GH01635).  
DIsu cDNA was PCR amplified and sub-cloned into the directional pET151/D-TOPO 
expression vector.  The sequence represents DIsu residues 25-154 of the complete 
open reading frame after excluding the predicted mitochondrial targeting sequence 
but including an N-terminal methionine.  Positive clones were verified by DNA 
sequencing.  Recombinant plasmid was transformed into BL21(DE3) codon plus E. 
coli competent cells for protein expression.  Varying induction temperatures and 
IPTG concentrations optimized expression.  Expression and the stepwise purification 
of the 130 amino acid DIsu protein closely followed our protocol outlined for the 
yeast ortholog (8, 16).  Briefly, the plasmid was transformed into BL21(DE3) 
CodonPlus cells and grown by auto induction (22) at 25°C for ca. 24 hrs before 
harvesting by centrifugation.  Protein isolation steps were all performed at 4°C.  Cells 
were resuspended in 50 mM NaPO4 (pH 7.5), 300 mM NaCl, 20 mM Imidazole and 5 
mM β-Me in the presence of Complete EDTA free Protease inhibitor cocktail 
(Roche).  Cells were then lysed by two passes through a French Press cell at high 
pressure (1100 psi), followed by 2 rounds of sonication  (50% power for 20 seconds) 
and finally centrifuged at high speed (21000 rpm) for 1 hour.  Crude soluble fraction 
was filtered and loaded onto a HisPrep FF Ni column (Pharmacia) using an 
Imidazole gradient in the range of 20 – 500 mM (DIsu protein elutes at ~ 150 mM).  
DIsu containing fractions were pooled and concentrated to ca. 1mL by centrifugation 
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using 10 kDa cutoff centricons (Millipore) spun at 5000 rpm.  The concentrated 
retentate solution was run over a Sephadex 75 size exclusion column (Pharmacia) 
equilibrated with 20 mM HEPES buffer (pH 7.5), 150 mM NaCl and 5 mM β-Me.  
Following this protocol, were able to attain high purity DIsu based on gel analysis.  
Mass spectrometric analysis of DIsu indicated a molecular weight of 18508.4 Da 
(theoretical molecular weight is 18511.2 Da).  Like Dfh, DIsu was very stable against 
degradation.  Protein could be concentrated up to 27 mg/L and stored anaerobically 
at -20° C and -80° C, retaining complete activity as judged by our Fe-S cluster 
activity assay, for multiple weeks.  
 
3.2.2 Binding Assays by Isothermal Titration Calorimetry  
 The binding affinity and stoichiometry were characterized for the interaction 
between ferrous iron ± Dfh and DIsu using ITC.  DIsu, Dfh and ferrous ammonium 
sulfate solutions were prepared anaerobically in 20 mM HEPES (pH 7.5) with 150 
mM NaCl.  All experiments were conducted anaerobically at 30°C.  The Fe into DIsu 
ITC experiments were conducted using a VP-ITC titration microcalorimeter 
(MicroCal, Inc.) by titrating a 2.1 mM ferrous iron solution into a 1.4 mL volume of a 
90 µM DIsu solution; Dfh into DIsu experiments were performed by titrating a 0.9 mM 
solution of either apo- or holo-Dfh into a 70 µM solution of apo-DIsu.  Following an 
initial 2 µL titrant solution injection, 29 additional injections of 10 µL each were 
titrated into the DIsu solution.  The period between injections was 10 min, and the 
syringe stirring speed was held constant at 500 rpm.  All experiments were 
conducted in duplicate on independent protein and iron samples to ensure data 
reproducibility.  Data analysis was performed utilizing the Origin 5.0 Scientific 
Graphing and Analysis Software (provided by MicroCal) by applying a nonlinear 
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least-squares curve-fitting algorithm to determine the stoichiometric ratio and 
dissociation constant during the reaction. 
  
3.2.3 X-ray Absorption Spectroscopy (XAS) Studies  
 XAS was used to study the electronic properties and ligand coordination 
geometry of iron at different stages during Fe-S cluster assembly.  All samples were 
prepared anaerobically within a glove box (PlasLabs) using protein and iron solutions 
initially degassed on a Schlenk line and stored under an Ar(g) atmosphere.  XAS 
samples were prepared in 20 mM HEPES buffer (pH 7.5), 150 mM NaCl, 5 mM β-Me 
and 30% glycerol.  Independent duplicate samples were prepared for the following 
systems: A) Fe-DIsu was prepared by incubating DIsu with 0.95 equivalent of ferrous 
iron, B) Fe-Dfh+DIsu was prepared by first incubating Dfh with 0.95 equivalent of 
ferrous iron for 10 minutes at room temperature, then adding 1 equivalent of DIsu 
and C) Fe-Dfh+DIsu+S was prepared by first incubating Dfh with 0.95 equivalent of 
iron for 10 minutes at room temperature, then adding stoichiometric equivalents of 
DIsu and Na2S.  All samples were allowed to incubate for an additional 60 minutes in 
an Ar(g) atmosphere to ensure cluster and complex formation.  Samples were 
loaded into Lucite sample cells wrapped with Kapton tape, flash frozen in liquid 
nitrogen, removed from the glove box and stored in liquid nitrogen until data 
collection was performed.    
 XAS data was collected at the Stanford Synchrotron Radiation Laboratory 
(SSRL) on beamline 7- 3.  SSRL beamline 7-3 was equipped with a single rhodium-
coated silicon mirror and a Si[220] double crystal monochromator, and harmonic 
rejection was achieved by detuning the monochromator 50%.  Samples were 
maintained at 10 K using Oxford Instrument continuous-flow liquid helium cryostat.  
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Protein fluorescence excitation spectra were collected using 30-element Ge solid-
state array detectors.  XAS spectra were measured using 5 eV steps in the pre-edge 
regions (6900 - 7094), 0.25 eV steps in the edge regions (7095-7135 eV) and 0.05 Å-
1 increments in the extended X-ray absorption fine structure (EXAFS) region (to k = 
13.5 Å-1), integrating from 1 to 20 seconds in a k3 weighted manner for a total scan 
length of approximately 40 minutes.  X-ray energies were calibrated by collecting an 
iron foil absorption spectrum simultaneously with protein data.  Each fluorescence 
channel of each scan was examined for spectral anomalies prior to averaging and 
spectra were closely monitored for photoreduction.  Protein data represents the 
average of 5 to 6 scans.  
 XAS data were processed using the Macintosh OS X version of the 
EXAMSPAK program suite (23), integrated with Feff version 7.2 for theoretical model 
generation.  Data reduction and processing followed previously established 
protocols.  Analysis of the X-ray absorption near edge structure (XANES) 1s→3d 
transitions were completed using the EDGE_FIT EXAFSPAK subroutine.  EXAFS 
fitting analysis was performed on raw/unfiltered data following a previously 
established strategy (19).  EXAFS data were fit using both single- and multiple-
scattering theoretical model amplitude and phase functions for an Fe-O/N, Fe-S, 
Fe•••Fe and a Fe-imidazole unit interactions.  During spectral simulations, metal-
ligand coordination numbers were fixed at half-integer values and only the absorber-
scatterer bond length (R) and Debye-Waller factor (σ2) were allowed to freely vary 
(24). 
 
3.2.4 Fluorescence Spectroscopy  
 Changes in structural characteristics of DIsu in the presence of substrates were 
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monitored using fluorescence spectroscopy.  The fluorescent dye 1,8-
Anilinonaphthalenesulfonate (ANS), which selectively binds to solvent exposed 
hydrophobic regions in molten globular proteins (16, 25) was used to probe structure 
changes on DIsu in the presence and absence of Fe alone, S alone and Fe + S 
combined.  ANS studies were performed using a 3 mL fluorescence cuvette (Starna), 
equipped with septa, containing a 50 µM DIsu solution in 20 mM HEPES buffer (pH 
7.5), 150 mM NaCl.  All buffers, samples and the cuvette were initially degassed 
using an Ar(g) purged Schlenk line.  DIsu samples were prepared in the presence 
and absence of ferrous iron and sulfide independently and then as a mixture.  Single 
time point fluorescence measurements were made for the protein samples first 
incubated for 10 minutes, followed by incubation for 10 minutes with 10 µM ANS 
(λexcite = 371 nm, λemission = 490 nm).  Spectra were collected at room temperature on 
a QuantaMaster fluorimeter (PTI) at 1 nm intervals with 0.25 second integration 
times and 5 mm slit widths.  Spectra were collected on independent reproducible 
sample sets. 
 
3.3 Results 
3.3.1 Isothermal Titration Calorimetry (ITC) Binding Studies 
 ITC was used to measure the metal to protein stoichiometry and energetics for 
association of iron binding to DIsu.  Ferrous iron was titrated into apo-DIsu 
anaerobically under buffer conditions that stabilize the protein (20 mM HEPES, 
pH=7.5, 150 mM NaCl).  Changes in heat associated with iron binding by DIsu are 
shown in the raw ITC data in Figure 3.2A (top), with the data following an 
exothermic iron-binding event.  The heat released vs. the molar ratio plot follows 
biphasic behavior common to systems with two binding events (Figure 3.2A 
(bottom)).  The best fit simulation to the molar ratio plot was obtained using a two 
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iron binding site model, with ca. 2 iron atoms binding at 475 ± 166 nM and 64.5 ± 17 
nM affinities (Table 3.1). 
 ITC was also used to test the metal dependence as well as binding affinity and 
stoichiometry of Dfh binding to DIsu.  Experiments were performed under conditions  
that stabilizes HoloDFh as a protein monomer.  In the presence of metal, Dfh binds 
to DIsu in an exothermic manner (Figure 3.2B (top)).  The best-fit simulation of the 
molar ratio data suggests ca. 2 equivalents of monomeric HoloDFh binds to ApoDIsu 
with an affinity in the nanomolar range (KD1 = 530 ± 43.5 nM and KD2 = 673 ± 22 nM) 
(Table 3.1).  However, no appreciable heat is absorbed or released then titrating 
ApoDfh into ApoDIsu (Figure 3.2C - top).  
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Figure 3.2. Raw isothermal titration calorimetry data (top) and binding isotherm 
data (bottom) of: A) Fe(II) titration into DIsu, B) Fe-Dfh titrated into DIsu and C) Dfh 
titrated into DIsu.  A grey line in each bottom panel shows the simulated fit to the 
binding isotherm data. Data were collected anaerobically at 30ºC in 20 mM HEPES 
(pH 7.5) and 150 mM NaCl. 
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Table 3.1.  ITC simulation results for Dfh-DIsu interaction.  Averaged values for 
stoichiometry (N1 and N2) and dissociation constants (KD1 and KD2) are provided with 
error bars. 
 
Sample N1 KD1 N2 KD2 
Fe - DIsu 
 
1.21 ± 0.25 475 ± 166 nM 1.40 ± 0.07 64.5 ± 17 nM 
 
Fe-Dfh + DIsu 1.72 ± 0.30 530 ± 43.5 nM 0.41 ± 0.22 673 ± 22 nM 
 
Dfh + DIsu 
 
--- --- --- --- 
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3.3.2 X-ray Absorption Spectroscopy (XAS) Studies 
 XAS was used to characterize the electronic and structural properties of iron 
bound to DIsu at various stages during Fe-S cofactor production.  Samples were 
prepared for: DIsu + iron, Fe-Dfh + DIsu, and Fe-Dfh + DIsu + sulfide.  XANES 
spectra, with an expansion of the pre-edge 1s→3d transition features, were offset for 
clarity and given for each sample in Figure 3.3 and Figure 3.3 (inset), respectively.  
Pre-edge transition analysis (including pre-edge peak energies and absorption area) 
were determined for all samples based on simulation analysis, and simulation 
parameters were most consistent with Fe(II) bound to DIsu and Dfh/DIsu alone 
existing in a high spin, fairly octahedral six coordinate ligand coordination geometry 
(Table 3.2).  In the Fe-Dfh/DIsu/sulfide sample, edge energies and high pre-edge 
area are most consistent with a portion of the metal existing in four coordinate 
tetrahedral ligand coordination geometry consistent with a 2Fe-2S cluster (26, 27).   
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Figure 3.3. XANES of Fe-S cluster assembly by Dfh-DIsu proteins.  XANES 
spectra of Fe bound in the following sample: A) Fe-DIsu, B) Fe-Dfh + DIsu and C) 
Fe-Dfh + S2- + DIsu.  Individual spectra were equally offset for clarity.  Inset: 
Expansion of the individual 1s →3d transition peaks in the same order as listed in 
the full figure. 
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Table 3.2.  Dfh-DIsu Fe-S Assembly XANES value:  Analysis of pre-edge and 
edge features from Fe-XANES spectra displayed in Figure 3.3.  Pre-edge transition 
energies and areas determined using EDG_FIT software. 
 
Sample Pre-edge peak  
energy (eV) 
 Total pre-edge 
area 
Edge inflection  
energy (eV) 
Fe-DIsu 7112.41 ± 0.12 
 
7113.78 ± 0.14 
 
3.91 ± 0.5 7122.45 ± 0.1 
Fe-Dfh + DIsu 7112.49 ± 0.24 
 
7113.81 ± 0.13 
 
4.01 ± 2.0 7122.48 ± 0.3 
Fe-Dfh + DIsu + S 7111.99 ± 0.03 
 
7112.79 ± 0.05 
 
7113.95 ± 0.15 
8.01 ± 5.0 7122.66 ± 0.5 
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 Simulations of the EXAFS portion of each XAS spectrum was used to 
characterize the metal-ligand metrical parameters for iron bound in each sample 
(Figure 3.4 A, C and E).  The single pronounced feature in the Fourier transform of 
the Fe-DIsu EXAFS indicates metal is bound in a fairly symmetric ligand 
environment centered at ca. 2 Å (Figure 3.4 A).  EXAFS simulations show ferrous 
iron bound to DIsu is stable in a symmetric metal-ligand nearest neighbor 
coordination environment constructed only by oxygen and nitrogen based ligands 
(Table 3.3) at average bond lengths of 1.99 Å (coordination number (CN) of 3.0 ± 
1.0) and 2.15 Å (CN of 2.0 ± 1.0), respectively.  Simulations of the Fe-Dfh EXAFS 
show nearest neighbor coordination geometry again constructed of only oxygen and 
nitrogen based ligands .  When Fe-Dfh is added to DIsu, the average metal ligand 
nearest neighbor coordination geometry is very similar to that observed in the Fe-
DIsu sample, with only slight variations in the Debye-Waller values (a measure of the 
metal-ligand bond order), suggesting a dramatic decrease in bond symmetry (Figure 
3.4 C).  Reduction in bond symmetry for Fe-Dfh + DIsu is further indicated by the 
unrealistically low CN values obtained for the two independent ligand systems.  
These ligand systems that have bond lengths (and pre-edge features) consistent 
with a 6-coordinate Fe-O/N ligand system, however the low coordination number 
values suggest a destructive overlap between unique but unresolvable multiple 
independent metal-ligand systems.  In both cases, long range carbon scattering is 
observed at ca. 3.1 Å.  In the case of the Fe-Dfh/DIsu sample, an additional ligand 
environment at 3.51 Å was also observed and the long range scattering for this 
sample was much more pronounced as compared to Fe-DIsu.  The long range 
scattering in all samples could not however be fit with any appreciable Fe•••Fe 
scattering.     
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 Addition of sulfide to the Fe-Dfh/DIsu system causes a dramatic distortion in the 
metal-ligand coordination environment compared to the other samples.  Fourier 
transforms of the EXAFS data indicate a nearest-neighbor environment distinct from 
the other two samples with a well pronounced long range interaction at ca. 2.7 Å 
(Figure 3.4 F).  Simulations in the nearest neighbor EXAFS contribution indicate 
both Fe-O/N and Fe-S scattering at averaged values of 2.06 Å and 2.28 Å, 
respectively.  The low coordination numbers for each environment reflect again a 
highly disordered iron-ligand environment or possibly multiple unique environments 
with EXAFS that destructively interfere.  In this sample only, long range Fe•••Fe 
scattering is observed at 2.7 Å suggestive of 2Fe-2S cluster formation (26).  This 
data could not be fitted to long-range carbon scattering in the range of R > 3.0 Å.  
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Figure 3.4. EXAFS and Fourier transforms of iron bound to the proteins at 
various stages during the Fe-S cofactor production.  Raw EXAFS data is shown 
in black with simulated fit in green for: A) Fe-DIsu, C) Fe-Dfh + DIsu and E) Fe-Dfh + 
S2- + DIsu.  Corresponding fourier transform plots of raw EXAFS data in black for: B) 
Fe-DIsu, D) Fe-Dfh + DIsu and F) Fe-Dfh + S2- + DIsu.  
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Table 3.3. XAS best fit values for Fe-S assembly.  Summary of best fit EXAFS 
simulation results for iron at various stages during cofactor formation.  Values 
reported are the average of at least two independent measurements.   
 
 
Fe-Nearest Neighbor Ligandsa  Fe•••Long Range Ligandsa  
 
Sample Atomb R(Å)c C.N.d σ2 e Atomb R(Å)c C.N.d σ2 e F’ f 
Fe - DIsu O/N 1.99 3.0 3.78 C 3.13 1.5 3.01 0.32 
 O/N 2.15 2.0 2.94      
          
Fe-Dfh + DIsu O/N 1.99 2.0 3.93 C 3.1 2.0 4.32 0.41 
 O/N 2.15 1.5 4.27 C 3.51 1.5 3.81  
          
Fe-Dfh + S + 
DIsu 
O/N 2.06 1.0 1.07 Fe 2.73 0.5 1.40 0.69 
 S 2.28 1.0 1.57      
 
a Independent metal-ligand scattering environment  
b Scattering atoms: O (Oxygen), N (Nitrogen), C (Carbon), S (Sulfur) and Fe (Iron)  
c Metal-ligand bond length  
d Metal-ligand coordination number  
e Debye-Waller factor given in Å2 x 103  
f Number of degrees of freedom weighted mean square deviation between data and fit  
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3.3.3 Fluorescence Spectroscopy 
 Fluorescence spectroscopy was used to measure the extent of the molten 
globular state and fold of DIsu under Fe-S cluster assembly conditions.  ANS binding 
is often used to characterize the globular nature of biomolecules, since this 
fluorescent probe selectively binds to solvent exposed hydrophobic regions in molten 
globule proteins.  ANS binding induces a fluorescence signal in the vicinity of 500 nm 
(λexcite = 371nm), whereas well-folded proteins bind little dye and exhibit little 
fluorescence.  A large fluorescence signal centered at 468 nm is observed upon 
ApoDIsu exposure to ANS (Figure 3.5, combination of dashed & dotted line), 
suggesting the presence of exposed hydrophobic residues in a molten globule form 
of the DIsu.  At these concentrations, ANS by itself in buffer had negligible 
fluorescence (control not shown).  Addition of Fe(II) or sulfide to DIsu caused only a 
minimal change in the ANS fluorescence (Figure 3.5, dashed and doted lines, 
respectively), suggesting that binding of each substrate individually does not distort 
the overall fold of the protein.  Incubation of both ferrous iron and sulfide to DIsu prior 
to addition of ANS results in a substantial decrease of ANS signal intensity (Figure 
3.5, solid line), suggesting a dramatic decrease in solvent accessibility to 
hydrophobic residues in the protein following or concurrent with the production of the 
Fe-S cluster.  
73 
 
 
 
Figure 3.5. Fold and structural rearrangement of DIsu during cluster formation 
using ANS fluorescent probe.  Fluorescence of ANS bound to DIsu alone 
(combination of dashed & dotted line), DIsu incubated with Fe(II) (dashed line), DIsu 
incubated with S2- (dotted line) and DIsu incubated with Fe(II) and  S2- together (solid 
line). 
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3.4 Discussion 
Frataxin has been shown to be involved in the biosynthesis of Fe-S clusters 
but the exact mode of action is dependent on model system under investigation.  
Current research in the field of ISC assembly pathway is showing evidence of a 
multiprotein complex between frataxin, assembly scaffold and cysteine 
desulfurase/Isd11 complex in eukaryotes (28, 29).  Therefore frataxin activity most 
likely involves several protein-protein interactions.  As a part of this mutliprotein 
complex, the interaction between bacterial cysteine desulfurase (IscS) and scaffold 
(IscU) has been recently characterized (30).  The Barondeau group provided a 
closer biochemical look at this complex in eukaryotes using the human model 
system (10).  Their studies suggest the formation of a ~180 kDa multiprotien 
complex including frataxin, Nfs, Isu and Isd11 in eukaryotes with a possible α2β2γ2δ2  
stoichiometry (10).  A comparison of recent studies suggests significant differences 
in the assembly process in eukaryotes and prokaryotes.  Particularly, the role of 
frataxin is still controversial, as it has been shown to inhibit the cysteine desulfurase 
activity in prokaryotes (9) while promotes the cysteine desulfurase activity in 
eukaryotes (10).  Significant differences between prokaryotic and eukaryotic systems 
suggest interactions between protein orthologs may be partially unique for the model 
system under investigation. 
In this report we characterized the molecular and structural details of the 
interaction between the frataxin and the scaffold using D. melanogaster proteins.  
Characterization of these interactions using the fly system may help explain the key 
differences in the frataxin function among different species (iron chaperone or 
storage v/s pathway regulator).  This study provides details about one of the steps 
involved in this pathway.  Our ultimate goal is to study each of these protein/protein 
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interactions in detail starting with the frataxin-scaffold interaction.  This will allow us 
to provide a detailed multiprotein complex involved in the assembly process.  In this 
report we have characterized the electronic and structural changes in the bound iron 
at various stages during cluster assembly on D.melanogaster Isu (DIsu).  We also 
report here that interaction between D.melanogaster frataxin (Dfh) and DIsu is metal 
dependant.  We have also looked into detail on structural changes in DIsu upon 
cluster binding.  In short, this report summarizes the biochemical and structural 
details of frataxin-scaffold interaction enlightening the molecular details of this 
pathway. 
Frataxin has been studied in several orthologs like human, yeast and bacteria 
(18, 31, 32).  However, there have been several issues regarding the stability of the 
protein in these orthologs.  Yeast frataxin is very prone to oxidative damage-induced 
aggregation while human frataxin towards N-terminal autodegradation.  Thus our 
finding of Dfh as a stable eukaryotic ortholog was very important;  Dfh is highly 
stable with melting temperature of ~59.2°C (8).  The high stability and absence of 
aggregation properties for Dfh allowed us to further pursue studies in the D. 
melanogaster system and allowed us to characterize the DIsu-Dfh interaction.  Like 
Dfh, DIsu is also a very well behaved protein as compared to other Isu ortholgs.  It is 
for these reasons, that we have performed a comprehensive in vitro characterization 
of Dfh-DIsu interaction and the iron delivery to the DIsu protein. 
ITC was used to find the iron and partner protein binding ability of DIsu.  The 
iron binding affinity and optimal metal:protein stoichiometry of DIsu were 
characterized to elucidate the biophysical details of iron binding by DIsu.  Under our 
current solution conditions, DIsu binds 2 Fe atoms with nanomolar binding affinity  
(KD1= 475 ± 166 nM and KD2 = 64.5 ± 17 nM) (Table 3.1).  Similar binding affinities 
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have been observed in other orthologs as well (7).  This iron binding affinity is tighter 
than Dfh’s iron binding affinity (average KD = 6 µM) (8) suggesting transfer of iron to 
DIsu is thermodynamically favorable.  In addition to this, we also observed the 
interaction between Dfh and DIsu using ITC.  As shown in the yeast system (chapter 
4), we observed that HoloDfh interacts with ApoDIsu with nanomolar binding affinity 
(KD1 = 530 ± 43.5 nM and KD2 = 673 ± 22 nM) (Table 3.1).  However, these proteins 
are not observed to interact in absence of iron.  Thus our results suggest it would be 
energetically favorable for Dfh to interact with DIsu in presence of iron.  This protein 
binding will promote metal transfer to the scaffold and after removal of metal from 
Dfh would cause Dfh release from DIsu.  Previously, we have characterized the 
interaction of Dfh with yeast Isu and observed the same result (binding affinity of ca. 
0.21 µM) (8).  It is important to note that holo-Dfh was able to interact with the yeast 
Isu.  These results closely match the binding affinity ca. 0.15 µM obtained between 
the human proteins, and in both cases, binding is energetically favorable (7) .  The 
fact that the Dfh binding affinity and stoichiometry with respect to DIsu so closely 
matches those seen for complementary proteins in the human system only further 
emphasize the idea that the functional role of frataxin toward Fe-S cluster 
biosynthesis is conserved between organisms.  
We performed a structural characterization of iron at different stages during 
assembly of Fe-S cluster on the DIsu scaffold protein, as this provides insight into 
how metal is used during cofactor assembly.  Our goal was to investigate the ligand 
environment and geometry of bound iron at different stages including the 
intermediates involved in the process.  Based on Fe K-edge XANES data for these 
samples, we observed Fe is present in high-spin ferrous form, which is the biological 
available form of iron.  In absence of sulfide, the iron is bound completely in an O/N 
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based ligand environment in DIsu bound Fe and Fe/Dfh/DIsu bound samples.  
However, metrical details of the iron bound in these samples differ, suggesting the 
difference in ligand environment upon delivery to DIsu.  We don’t observe any sulfur 
ligation (33) for iron bound to DIsu sample, suggesting a different iron binding site 
other than active cysteines involved in cluster binding. Significant change takes 
place in the XAS data upon addition of sulfur to the system.  This suggests formation 
of multinuclear iron species consisting of 2Fe-2S clusters.  The EXAFS data of this 
sample suggests Fe ligation at 2.73 Å and S ligation at 2.28 Å, emphasizing the 
formation of Fe-S cluster and these values are consistent with a 2Fe-2S cluster 
formation (26).  
 Our results indicate binding of an Fe-S cluster on the DIsu scaffold induces a 
structural change in the protein.  Structures of multiple IscU orthologs exhibit shared 
features including the presence of an α+β core (30, 34-37).  In many cases, Isu 
scaffold proteins exist in a dynamic equilibrium between folded and unfolded state in 
order for them to function as a scaffold.  This gives them flexibility to modulate their 
fold based on interacting protein or substrate to successfully carry a particular 
reaction.  Previously, ANS fluorescence has been used to characterize the molten 
globule nature of T. maritima IscU and yeast Isu in solution (16, 38).  Similar result 
were observed for DIsu, suggesting a molten globule nature for the scaffold.  
However, no significant change in the fluorescence of the protein is observed upon 
either Fe or S binding only.  We also don’t observe any red shift in the data, as seen 
in yeast studies, suggesting no change in the hydrophobicity of the molecule. 
Following addition of Fe and S together, conditions that promote formation of Fe-S 
cluster on the scaffold, results in significant decrease in the ANS fluorescence.  This 
suggests the decrease in the exposed hydrophobic residues on the protein surface 
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as it becomes more folded following cluster binding.  This is consistent with the well-
folded structure of A. aeolicus IscU, which was obtained by Fe-S cluster bound to the 
protein (39).  
Finally, based on recent reports of Fe-S cluster assembly formation combined 
with our results, we have proposed that frataxin and scaffold interacts with each 
other in metal dependent manner during the assembly process.  Dfh binds iron and 
delivers it to DIsu during the assembly process via physically interacting with the 
protein as shown by ITC.  This interaction is thermodynamically favorable based on 
the binding interaction data.  DIsu is structurally stabilized upon cluster binding to the 
protein.  Our data suggest the initial iron-binding site on DIsu scaffold is separate as 
compared to the cysteine rich cluster binding site.  Iron transfer may take place to 
the active site during the cluster formation, however this mechanism of transfer to 
the active cysteine is not yet known. 
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CHAPTER 4 
MOLECULAR DETAILS OF THE YEAST FRATAXIN-ISU1 INTERACTION 
DURING MITOCHONDRIAL FE-S CLUSTER ASSEMBLY 
 
4.0 Prelude 
 This chapter explores the intermolecular interaction between frataxin and Isu 
using the yeast model system.  In order to function as a chaperone, frataxin must be 
able to interact via a protein: protein interaction with the downstream acceptor of iron 
(i.e., Isu1 scaffold).  If serving as a chaperone, frataxin should be able to release iron 
to the Isu1 in a manner suitable for cluster production.  In this chapter, experiments 
were performed to characterize the molten globule nature of Isu1 and structural 
rearrangement of the protein upon cluster binding.  In this report, I characterized the 
ANS binding site on the Isu1 scaffold protein.  This work has been published as a 
research article.  The reference for the following work is : Cook, JD; Kondapalli, K.C.; 
Rawat, S; Childs, W; Murugesan, Y; Dancis, A; Stemmler, TL., “Molecular details of 
the Frataxin-Isu interaction during mitochondrial Fe-S cluster assembly”, 
Biochemistry, 2010, (PMID: 20815377).  
 
4.1 Introduction 
 Iron-sulfur (Fe-S) clusters are central to life and found in organisms ranging 
from bacteria to humans (1).  These ancient conserved cofactors are often bound to 
proteins and the versatility in chemistry they impart on proteins make them perfectly 
suited to assist in a diverse set of biological pathways that includes DNA repair, 
respiration and bacterial nitrogen fixation. These cofactors are essential for cell 
viability, so it is no surprise that Fe-S cluster bioassembly pathways are tightly 
controlled and evolutionary conserved with only small variations between species (2-
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4).  In eukaryotes, the major Fe-S cluster assembly machinery is found in the 
mitochondria.  The process of Fe-S cluster synthesis involves the formation of an Fe-
S cluster intermediate on a scaffold protein (ISCU in humans or Isu1 or Isu2 in yeast) 
and subsequent transfer of the cluster to recipient apo-proteins.  Formation of the 
Fe-S cluster by Isu1 requires a source of sulfur and a source of iron.  The sulfur 
originates from cysteine via the activity of the cysteine desulfurase Nfs1, which is 
coordinated with the essential accessory protein Isd11.  The source of the iron for 
Fe-S clusters has remained a mystery.  Frataxin (Yfh1 in yeast), a small acidic 
mitochondrial protein is directly linked to cluster assembly and has been suggested 
to serve as an iron chaperone through formation of a complex with Isu1-Nfs1-Isd11 
(5-8).   
 Humans with frataxin deficiency have the cardio-/neurodegenerative disorder 
Friedreich’s ataxia (FRDA) (9-11).  FRDA affects 1 in 50,000 live births and the 
disorder is caused in ca. 98% of the cases by a transcription disrupting trinucleotide 
repeat expansion in the first intron of the frataxin gene leading to decreased 
transcription and protein levels (9).  Frataxin is essential for cellular iron homeostasis 
and deficiency is associated with mitochondrial iron overload, low heme and Fe-S 
cluster production levels, and elevation in reactive oxygen species formation (12).  
Numerous reports have shown direct interactions between frataxin and the scaffold 
protein in mitochondrial lysates or through isolation (5, 6, 8, 13).  In addition, frataxin 
has been shown to facilitate assembly of the Fe-S cluster intermediate on Isu1 (14-
16).  Combined, these data strongly suggest that frataxin plays a direct role in Fe-S 
cluster bioassembly, possibly by serving as the iron chaperone or, as recently 
suggested (14), as a regulator within the assembly pathway.  
 Participation of frataxin in the Fe-S cluster assembly pathway is directly 
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correlated to the protein’s ability to bind iron and this metal binding ability has been 
studied extensively for the different frataxin orthologs.  Yeast frataxin was the first to 
show an iron binding ability (17).  When placed in an oxygen rich, low salt, high iron 
to protein ratio environment, the protein forms oligomers that retain metal as 
ferrihydrite in a manner that resembles the activity of ferritin (17).  This ability has 
been shown to be important under oxidative stress conditions (18).  However, 
frataxin mutations that disrupt oligomerization are functionally competent in 
promoting Fe-S cluster assembly in vivo, even when produced at low levels, thus 
oligomerization is not required for the physiological function of frataxin in assembly of 
Fe-S clusters (8, 19).  As a monomer, the different frataxin orthologs bind iron with 
micromolar binding affinities (15, 16, 20-24).  Frataxin binding to the scaffold protein 
is independent of frataxin aggregation but dependent on the presence of iron (8, 15).  
It is therefore of direct physiological interest to explore the molecular details of the 
interaction between frataxin and the scaffold protein in order to better understand the 
functional details of the cofactor assembly pathway.  
 In this report, we provide new molecular details pivotal for understanding the 
interaction between Yfh1 and Isu1.  We probe the nature of holo-Yfh1 binding to Isu1 
using isothermal titration calorimetry (ITC).  Nuclear magnetic resonance 
spectroscopy was used to map the intermolecular interface where Isu1 binds on 
Yfh1 to help identify frataxin residues that participate in multiprotein complex 
formation.  X-ray absorption spectroscopy was used to determine the electronic and 
structural properties of iron at multiple stages during Fe-S cluster assembly on the 
Isu1 scaffold.  Finally, the fold of Isu1 was characterized at different stages during 
Fe-S cluster assembly using fluorescence spectroscopy.  These combined results 
provide molecular details that are essential to understanding mitochondrial Fe-S 
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cluster assembly.  
 
4.2 Materials and Methods 
4.2.1 Protein Expression and Purification 
Isu1 containing a D37A mutation (known to prevent Fe-S release from the 
protein) was subcloned into a pET21b expression vector (Novagen) with a C-
terminal His tag and purified as described previously (15).  Briefly, plasmid was 
transfected into BL21(DE3) CodonPlus cells and grown by auto induction (25) at 25 
°C for ca. 24 hrs before harvesting by centrifugation.  Protein isolation steps were all 
performed at 4°C.  Cells were resuspended in 50 mM NaPO4 (pH 7.5), 300 mM 
NaCl, 20 mM Imidazole, and 5 mM β-Me (5 mL/g cells) in the presence of Complete 
EDTA free Protease inhibitor cocktail (Roche), lysed by two passes through a French 
Pressure cell followed by 2 rounds of sonication (50% power, 20 s) and centrifuged 
at high speed (21000 rpm) for 1 hour.  Crude soluble fraction was filtered (0.20 µm) 
and loaded onto a HisPrep FF Ni column (Pharmacia) using an Imidazole gradient 
(20 – 500 mM, protein elutes ~ 120 mM).  Active fractions were pooled and 
concentrated to ca. 1 mL using 3 kDa cutoff centricons (Millipore) and run over a 
Sephadex 75 size exclusion column (Pharmacia) equilibrated with 20 mM HEPES 
(pH 7.5), 150 mM NaCl and 5 mM β-Me.  The protein eluted at a volume consistent 
with a 14 KDa size, and we were able to attain ≥95% pure protein based on gel 
analysis (typical yields were 15 mg/L). 
Apo-Yfh1 was isolated as described previously (22).  Briefly, wild type Yfh1 
was subcloned into a pET11a expression vector (Novagen) and transfected into 
BL21(DE3) cells and grown by auto induction (25) at 37°C for 18 hrs before 
harvesting by centrifugation.  All subsequent steps were performed at 4°C.  Cells 
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were resuspended in 25mM Tris (pH 8.0), 10mM EDTA and 5mM β-Me with 
Complete protease inhibitor cocktail, lysed using 2 passes through a French 
Pressure Cell followed by 2 rounds of sonication at 50% power and spun at high 
speed (21,000 rpm for 1hr).  A 30% Ammonium Sulfate (AS) condition was applied 
to the supernatant and spun down (8,000 rpm for 10 min).  The remaining 
supernatant was brought to 65% AS and again spun down (8,000 rpm for 10 min). 
The pellet was then resuspended in a minimal volume of 25 mM Tris (pH 8.0), 10 
mM EDTA, 5 mM β-Me and 1 protease inhibitor tablet, set to stir for 20 min before 
being loaded into a dialysis membrane (10 kDa cutoff) and dialyzed into the same 
buffer overnight with one buffer change.  The resultant protein mixture was filtered 
twice (0.45 µm and 0.20 µm) before loading onto a Q-Sepharose anion exchange 
column (Pharmacia) equilibrated with 25 mM Tris (pH 8.0), 10 mM EDTA and 5 mM 
β-Me, and run with a linear salt gradient (0-1 M NaCl, protein elutes ~ 50% salt). 
Active fractions were confirmed by SDS PAGE analysis and pooled with protease 
inhibitor before desalting by dialysis against 25 mM Tris (pH 8.0), 10 mM EDTA and 
5 mM β-Me overnight with one buffer change.  Protein was brought up to 1M AS, 
filtered and loaded onto a Phenyl-Sepharose column equilibrated to 25 mM Tris (pH 
8.0), 10mM EDTA, 5 mM β-Me, and 1M AS and run with a linear gradient to 0 M AS 
(protein elutes at ~20%).  Active fractions were pooled and dialyzed overnight into 20 
mM HEPES (pH 7.5), 150 mM NaCl, 5 mM β-Me and concentrated using 10 kDa 
cutoff centricons (Millipore) for a typical yield of 60 mg/L. 
 
4.2.2 Binding Assays by Isothermal Titration Calorimetry 
ITC measurements were performed to determine the binding affinity and 
stoichiometry between monomeric yeast frataxin, ferrous iron and/or Isu1.  
Experiments were performed anaerobically at 30°C on a VP-ITC titration 
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microcalorimeter (Micro Cal Inc.).  ITC experiments were performed for Yfh1+Fe, 
Yfh1+Isu1, and holo-Yfh1+ Isu1 with an iron to frataxin stoichiometric ratio of 1:1 as 
previously described with minor modifications to the protocol (21).  Experiments 
contained 30 µM protein in the adiabatic cell and 500 µM titrant in the syringe; after 
an initial 2 µL injection, 29 additional injections of 10 µL were spaced out by 10 min 
each with constant stirring (500 rpm).  Both sample and titrant were matched in the 
identical buffer: 20 mM HEPES (pH 7.5), 150 mM NaCl and 5 mM β-Me.  Protein 
samples were extensively degassed and buffers were purged with Ar(g) to maintain 
the ferrous iron.  Spectra were collected on duplicate or triplicate sample sets.  Data 
was fit and analyzed using the Origin 5.0 software package supplied by Micro Cal 
(GE life sciences), which uses a non-linear least squares curve fitting algorithm to 
determine the stoichiometric ratio, dissociation constant and change in enthalpy of 
the reaction.  
 
4.2.3 Isu1 Binding Surface on Yfh1 by Nuclear Magnetic Resonance 
Spectroscopy 
15N labeled Yfh1 was isolated from E. coli transfected with the Yfh1 plasmid, 
grown in M9 minimal media supplemented with 15N NH4Cl at 37°C for 4 hours after 
induction with 1mM IPTG, and isolated as described above.  1H-15N HSQC-TROSY 
data collected on a Varian INOVA 600 MHz spectrometer equipped with a triple 
resonance 1H/13C/15N Varian cold probe with z-axis pulsed field gradients (26).  
Titrations were performed in septa-sealed NMR tubes under anaerobic conditions 
under 2 different buffer conditions: 1) 25mM NaPO4 (pH 7.0) with 2mM DTT buffer 
and 2) 20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM β-Me buffer.  Protein 
concentrations were ca. 200 µM 15N-labelled Yfh1 after addition of one equivalent of 
ferrous iron and one equivalent of Isu1 dimer.  Data was collected on apo-Yfh1, holo-
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Yfh1, apo-Yfh1/Isu1 and the holo-Yfh1/Isu1 complex with a metal to frataxin ratio of 
1:1.  Protein samples were placed in the NMR spectrometer and allowed to 
equilibrate at 30°C for 30 minutes.  Full 1H/15N heteronuclear single quantum 
coherence (HSQC) spectra were collected with a 1H sweep width of 7804 Hz, with 
2048 points and 64 transients and at a 15N sweep width of 2500 Hz, 512 increments.  
Data was referenced using a DSS standard, transformed using NMRPipe (27) and 
peak positions were calculated using the program SPARKY (28).  Normalized 
chemical shifts were calculated using the published peaks files, using the equation δ 
= 25((δHN)2+ (δN/5)2)0.5.  Results are an average of both experiments. Residues that 
underwent significant chemical shift perturbations were visualized on the apo full-
length yeast frataxin solution structure (PDBID 2GA5) using the program molmol. 
 
4.2.4 X-ray Absorption Spectroscopy Sample Preparation and Analysis 
XAS was used to study the electronic properties and ligand coordination 
geometry of iron at different stages during Fe-S cluster assembly.  All samples were 
prepared anaerobically within a glove box (PlasLabs) using protein and iron solutions 
that were initially degassed on a Schlenk line and stored under an Ar(g) atmosphere. 
XAS samples were prepared at ~0.5 mM final protein concentrations in 20 mM 
HEPES (pH 7.0), 150 mM NaCl and 5mM β-Me.  The individual samples prepared 
were the following: 1) Isu1 incubated with 1 equivalent of ferrous iron, 2) Yfh1 
incubated with 1 equivalent of ferrous iron for 10 minutes at room temperature before 
addition of Isu1, 3) Isu1 incubated with ferrous iron for 10 minutes at room 
temperature before addition of 1 equivalent of Na2S and finally 4) Yfh1 incubated 
with 1 equivalent of iron for 10 minutes at room temperature before addition of Isu1 
and 1 equivalent of Na2S.  All samples were allowed to incubate for an additional 60 
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minutes in an Ar(g) atmosphere to ensure cluster and complex formation.  Samples 
were diluted with 30% glycerol as a glassing agent and loaded into Lucite cells 
wrapped with Kapton tape, flash frozen in liquid nitrogen, removed from the glove 
box and stored in liquid nitrogen until data collection.  
XAS data were collected at the Stanford Synchrotron Radiation Laboratory 
(SSRL), beamlines 7-3 and 9-3, and at the National Synchrotron Light Source 
(NSLS), beamline X3-b. SSRL beamline 7-3 was equipped with a single rhodium-
coated Si mirror before the Si(220) double crystal monochromator and harmonic 
rejection was achieved by detuning the monochromater by 50%.  SSRL beamline 9-
3 was equipped with an additional harmonic rejection mirror and was run fully tuned. 
NSLS beamline X- 3b used a Si(111) single crystal monochromator equipped with a 
nickel coated cylindrically bent mirror to achieve harmonic rejection and vertical 
focusing.  Samples were maintained at 10 K using an Oxford Instruments 
continuous-flow liquid helium cryostats at SSRL and at ca. 24 K using a He Displex 
Cryostat at NSLS.  Protein fluorescence excitation spectra were collected using 30-
element Ge solid-state array detectors at SSRL and a 13-element Ge solid-state 
detector at NSLS.  XAS spectra were measured using 5 eV steps in the pre-edge 
regions (6900-7094), 0.25 eV steps in the edge regions (7095-7135 eV) and 0.05 Å-1 
increments in the extended X-ray absorption fine structure (EXAFS) region (to k = 
13.5 Å-1, integrating from 1s to 20s in a k3 weighted manner for a total scan length of 
approximately 40 min.  X-ray energies were calibrated by collecting an iron foil 
absorption spectrum simultaneously with collection of the protein and model data. 
The first inflection point for the Fe foil edge was assigned at 7111.3 eV.  Each 
fluorescence channel of each scan was examined for spectral anomalies prior to 
averaging and spectra were closely monitored for photoreduction.  SSRL protein 
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data represent the average of 5 to 6 scans, while NSLS protein data represent the 
average of 8 to 9 scans.  
XAS data were processed using the Macintosh OS X version of the 
EXAFSPAK program suite (29) integrated with the Feff v7.2 software for theoretical 
model generation.  XAS data reduction utilized a Gaussian function in the pre-edge 
region and a three region cubic spline in the EXAFS region.  EXAFS data were 
converted to k-space using an E0 value of 7130 eV.  The k-cubed weighted EXAFS 
was truncated at 1.0 and 12.85 Å-1 for filtering purposes and Fourier transformed. 
The final fitting results listed in Table 4.3 are from analysis of the raw unfiltered data. 
Edge inflection energies were calculated using the maximum of the 1st derivative of 
the XANES data in Kaleidagraph.  Analysis of the XANES 1s→3d transitions was 
completed using the EDG_FIT subroutine within EXAFSPAK.  Only spectra collected 
using the higher resolution Si(220) monochromator crystals were subjected to edge 
analysis.  Pre- and post-transition splines were fit to the spectra within the energy 
range of 7090 to 7100 eV and 7120 to 7125 eV, respectively.  The extrapolated line 
was then subtracted from raw data to obtain baseline corrected spectra. The pre-
edge features were modeled using pseudo-Voigt line shapes (simple sums of 
Lorentzian and Gaussian functions), and the energy position, the full width at half-
maximum (FWHM) and the peak heights for each transition were varied.  A fixed 
50:50 ratio of Lorentzian to Gaussian functions successfully reproduced the spectral 
features of the pre-edge transitions.  Global peak transition areas were determined 
for all spectra over the energy range of 7109 to 7117 eV using the program 
Kaleidagraph.  Pre-edge intensity values were multiplied by 100, and model area 
values are nearly identical to published values.  
EXAFS data fitting analysis performed on both Fourier filtered and 
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raw/unfiltered data gave equivalent structural results.  Model and protein EXAFS 
data were fit using both single and multiple scattering amplitude and phase functions 
calculated using Feff v7.2.  Single scattering Feff v7.2 models were calculated for 
carbon, oxygen, sulfur and iron coordination to simulate possible iron-ligand 
environments in our systems (21).  Fits to crystallographically characterized model 
compounds were used to calibrate the scale factor and ΔE0 values which we used in 
our protein fits.  A scale factor of 0.95 and a threshold shift (ΔE0) -11.5 eV were used 
during protein data analysis. The Sc and E0 were not allowed to vary as they were 
calibrated from the Fe(II) model compounds matching the oxidation state of the 
ferrous iron we found in our protein samples (30).  When simulating empirical data, 
metal-ligand coordination numbers were fixed at half-integer values while only the 
absorber-scatterer bond length (R) and Debye-Waller factor (σ2) were allowed to 
freely vary.  The criteria for judging the best fit simulation, and for adding ligand 
environments to the fit, included: (A) the lowest mean square deviation between data 
and fit (F’), a value corrected for number of degrees of freedom in the fit, (B) 
individual shell bond distances must be outside the spectral resolution ( > 0.13 Å), 
and finally (C) all Debye-Waller factors in the ligand system must have values less 
than 0.006 σ2. 
 
4.2.5 Molten Globule Nature of Isu1 with and without Fe-S Cluster Bound 
 Isu1 has been established as a molten globule-type protein, exhibiting real 
secondary structure with little or no tertiary structure in the apo form.  The 
fluorescent dye Anilinonaphthalenesulfonate (ANS), which selectively binds to 
hydrophobic pockets found in molten globule proteins, is an effective tool to help 
observe overall changes in the molten globule nature of Isu1 in the presence and 
absence of substrate (31).  ANS studies were performed using a 3 mL fluorescence 
95 
 
cuvette (Starna) equipped with septa, a 50 µM Isu1 solution, in 20mM HEPES, 
150mM NaCl and 5mM β-Me, was degassed on a schlenk line and stored under 
Ar(g).  Independent samples were incubated with 2 equivalents of ferrous iron, 
sulfide or both, and incubated for 10 minutes before addition of 10 µM ANS followed 
by a second 10 min incubation before data collection (λexcite= 371 nm, λemission~490 
nm) on a QuantaMaster fluorimeter (PTI).  Data was collected at 1 nm intervals with 
0.5 s integration times and 5 mm slit widths.  Data was collected in duplicate, data 
shown is a single representation smoothed using a window function of 5 data points. 
Titration of ANS into Isu1 alone was performed to measure the number of moles of 
ANS that binds to Isu1 (Bmax) and the binding affinity was obtained through 
Scatchard analysis of the variation of bound ANS to the protein concentration (32).  
 
4.3 Results 
4.3.1 Isothermal Titration Calorimetry 
ITC was used to probe the intermolecular interaction between iron, Yfh1 and 
Isu1.  All data was collected anaerobically and in duplicate using independently 
prepared protein samples.  Although we previously showed Yfh1 binds up to 2 
ferrous iron atoms with µM binding affinity, in this current report we have measured 
metal binding to Yfh1 under solution conditions that stabilize Isu1 (20 mM HEPES 
(pH 7.5), 150 mM NaCl and 5 mM β-Me.  Yfh1 exhibited a strong single exothermic 
binding interaction when binding 2 iron atoms (Figure 4.1 A).  Data was best fit 
using a two independent-site substrate binding model with corresponding KD values 
of 113 ± 2 nM and 1.6 ± 1.6 µM (Table 4.1). The first metal binding site’s affinity is 
an order of magnitude tighter compared to the ca. 3 µM binding affinities observed 
previously in 20 mM HEPES (pH 7.0), 10mM MgSO4 buffer, however the second 
binding site exhibits identical affinity within error.  
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ITC was also used to measure iron and Yfh1 binding energetics to Isu1. 
Ferrous iron titrated into Isu1 yields a single exothermic binding event (Figure 4.1B). 
Data was best fit using a two-site substrate binding model and the 2 iron atoms bind 
at nanomolar binding affinities (KD1 = 234 ± 35 nM and KD2 = 6 ± 4 nM) per each Isu1 
monomer (Table 4.1).  Titrations of apo-Yfh1 into Isu1 showed no appreciable heat 
absorbed/released indicating the lack of a binding event (Figure 4.1C).  However, 
when iron loaded Yfh1 was titrated into Isu1, this yielded a strong biphasic 
exothermic binding event with saturation occurring at approximately 2 equivalents of 
holo-Yfh1 monomer per Isu1 monomer.  Binding of the two holo-Yfh1 monomers to 
each Isu1 monomer occurred with the two binding affinities of 166 ± 112 nM and 5 ± 
3 nM (Figure 4.1 D).  
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Figure 4.1. Frataxin binds Isu1 in an iron dependent manner.  Raw isothermal 
titration calorimetry (ITC) data (top) and binding isotherm data (bottom) of A) Fe(II) 
titration into Yfh1, B) Fe(II) titrated into Isu1, C) Yfh1 titrated into Isu1, D) Yfh1-Fe(II) 
titrated into Isu1.  Data were collected anaerobically at 30°C in 20 mM HEPES (pH 
7.5) and 150 mM NaCl 5 mM β-Me.  
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Table 4.1.  Average ITC simulation results for Yfh1-Isu1 interaction.  Averaged 
values for stoichiometry (N1 and N2) and dissociation constants (KD1 and KD2) are 
provided with error bars. 
 
Sample N1 KD1 N2 KD2 
Yfh1-Fe 
 
1.02 ± 0.38 113 ± 2 nM 1.08 ± 0.30 1.64 ± 1.68 µM 
 
Isu1-Fe 1.19 ± 0.66 234 ± 35 nM 0.97 ± 0.31 6 ± 4 nM 
 
Yfh1 + Isu1 
 
--- --- --- --- 
Yfh1+ Fe + 
Isu1 
1.67 ± 0.28 166 ± 112 nM 0.52 ± 0.14 5 ± 3 nM 
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4.3.2 Nuclear Magnetic Resonance Spectroscopy 
NMR spectroscopy was used to identify Yfh1 residues at the binding interface 
with Isu1.  15N-1H HSQC-TROSY data was collected on apo-Yfh1, holo-Yfh1, apo-
Yfh1+Isu1, and holo-Yfh1+Isu1.  Data was collected under two different buffer 
conditions: 1) 25 mM NaPO4  (pH 7.5) with 2 mM DTT buffer and 2) 20 mM HEPES 
(pH 7.5) 150 mM NaCl and 5 mM β-Me buffer; both yielded similar results except 
data collected in phosphate buffer did not show amide resonance line broadening 
effects in the presence of paramagnetic metal.  During the titrations in phosphate 
buffer, specific amide resonances were observed to change upon addition of iron to 
Yfh1, as previously reported.  A subset of resonances were observed to change 
further upon addition of unlabeled Isu1 to the labeled holo-Yfh1 sample (Figure 
4.2A), indicating distinct perturbations in frataxin amino acid chemical environments 
coupled to Isu1 binding.  Normalized chemical shift changes were calculated under 
both solution conditions and the averaged normalized chemical shift changes are 
given in Figure 4.2B.  Only residues with normalized chemical shift changes above 
the calculated resolution of our data are highlighted in red on the apo-Yfh1 solution 
structure (Figure 4.2C).  Specific Yfh1 residues affected by the addition of Isu1 
comprise portions of both Yfh1 iron binding sites we identified in our initial iron-Yfh1 
NMR titrations (21, 22) as well as a substantial portion of the β-sheet surface of 
frataxin.  Specific residues perturbed include: H83, D86, L91, E93, A94, H95 
(broadly Yfh1 helix 1 Fe-binding site); V102, E103 (Yfh1 strand 1 Fe-binding site); 
L104, S105, G107, T110, L111, Y119, V120, Q124, N127 (Yfh1 β-sheet surface); 
and N154, V166, and I170 (Yfh1 loop and helix 2). 
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Figure 4.2. NMR chemical shift mapping of Yfh1 residues affected by Isu 
binding. A) 1H/15N HSQC spectra for Fe-Yfh1 in the presence (red) and absence 
(black) of unlabeled Isu1.  Spectrum was collected at a 2:1 iron to Yfh1 
stoichiometric ratio and a 1:1 Yfh1:Isu1 ratio.  Solid line boxed region is expanded in 
Figure 4.2A.  B) Normalized chemical shift changes for Fe-Isu1 with and without 
Isu1.  The line represents the threshold value calculated based on the resolution of 
the data. C) Residues identified on the apo-frataxin structure that have normalized 
chemical shift (δ) values greater than 1 (colored red). 
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4.3.3 XANES Analysis of Fe-S Assembly 
 XANES analysis of the XAS spectra for metal bound to Yfh1 ± Isu1 ± S2- were 
examined to characterize the electronic and structural properties of bound iron at 
different stages of cluster assembly.  Complete XAS spectra were collected on 
multiple independent versions of the following samples: A) Fe(II) + apo-Yfh1, B) 
Fe(II) + apo-Isu1, C) Fe(II) + S2- + apo-Isu1, D) Fe-Yfh1 + Isu1 and E) Fe-Yfh1 + S2- 
+ apo-Isu1.  XANES spectra of all samples show similar edge features (Figure 4.3) 
and the analysis of the first derivative of the edge inflection energies show values 
consistent with the bulk iron being stable in the ferrous form  (Table 4.2).  Pre-edge 
1s→3d electronic features (i.e., pre-edge energy and absorption area) in the XANES 
spectra (Figure 4.3, inset) are consistent with iron, in the samples without sulfide, 
being six coordinate high-spin Fe(II) with a small shift from octahedral metal- ligand 
bond symmetry as the samples go from Fe-Yfh1  Fe-Isu1  Fe-Yfh1-Isu1.  In samples 
containing sulfide, 1s→3d pre-edge transition energies and areas are consistent with 
a significant portion of the metal being held in a tetrahedral Fe(II)-ligand coordination 
environment (33).     
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Figure 4.3 XANES of Fe-S cluster assembly.  Spectra of A) Yfh1-Fe B) Isu1-Fe C) 
Isu1-Fe-S D) Yfh1-Isu1-Fe E) Yfh1-Isu1-Fe-S.  Inset shows 1s→3d transition peaks. 
C and E show a single large transition at ~7113 eV consistent with that of Fe-S 
clusters. 
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Table 4.2.  Values for Iron XANES spectra A) Fe-Yfh1, B) Fe-Isu1, C) Fe-Isu1 + 
S2-, D) Fe-Yfh1 + Isu1 and E) Fe-Yfh1 + S2- + Isu1.  Individual spectra were equally 
offset for clarity. Inset: Expansion of the individual 1s→3d transition peaks in the 
same order as listed in the full figure 4.3  
 
 
 
 
‡  See reference (21) 
 
* See reference (34) 
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4.3.4 EXAFS Analysis of Fe-S Assembly 
 Metrical parameters regarding iron-ligand identity, iron coordination number 
and metal-ligand bond lengths were determined by analysis of the EXAFS portion of 
the XAS data for the samples listed above.  We previously showed iron bound to 
Yfh1 (Figure 4.4 A, B) is 6 coordinate in a highly symmetric oxygen/nitrogen (O/N) 
ligand coordination environment, with an average bond length of 2.12 Å (Table 4.3).  
Ferrous iron bound to Isu1 (Figure 4.4 C, D) has two unique nearest neighbor ligand 
coordination environments, both O/N based with ca. 1 O/N ligand at 2.01 Å and ca. 5 
O/N ligands centered at 2.14 Å.  Interestingly, metal bound to Isu1 alone does not 
occur via cysteine sulfur ligands, as there is no evidence for sulfur ligation.  Long-
range scattering in both samples were best fit with carbon scattering at distances 
ranging from 3.00 to 3.30 Å.  Iron, in the Yfh1-Isu1 complex, shows nearest neighbor 
ligand coordination distinct from either Fe-Yfh1 or Fe-Isu1 alone or as a linear 
combination of both.  The nearest neighbor ligand coordination in the Fe-Yfh1-Isu1 
sample (Figure 4.4 G, H) is made up of two independent environments centered at 
1.99 Å and 2.15 Å; these average bond lengths are consistent with 6 coordinate 
Fe(II)-(O/N) model compounds.  While the coordination numbers are similar in both 
environments (C.N. = 2 and 1.5, respectively), the large Debye-Waller factor in the 
1.99 Å environment is consistent with significant disorder in this ligand environment 
producing an abnormally low coordination number for this set of ligands.  Long-range 
scattering in this sample is consistent with multiple carbon based ligands centered at 
3.07 Å, 3.51 Å and 4.09 Å.   
 Inclusion of sulfur to the above samples causes a significant change in the Fe 
coordination environment.  Sulfur added to Isu1 with iron bound (Figure 4.4 E, F) 
alters the iron nearest neighbor coordination environment so that it includes both 
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O/N and S scattering.  The best-fit spectral simulation for the iron coordination 
includes 2.5 O/N ligands at 2.11 Å, a single sulfur atom at 2.26 Å and a distinct 
Fe•••Fe interaction at 2.69 Å; bond lengths consistent with a portion of the iron (< 
50%) being coordinated in a Fe-S cluster (35).  Addition of sulfur to the Fe-Yfh1-Isu1 
complex (Figure 4.4 I, J) shifts the nearest neighbor metal-ligand environment to 1.5 
O/N ligands centered at 2.04 Å, 1 S atom at 2.28 Å and a distinct Fe•••Fe interaction 
at 2.70 Å, again consistent with a portion of the metal (< 50%) being coordinated in a 
Fe-S cluster.  
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Figure 4.4. Iron coordination geometry during Fe-S production on Isu1. Raw 
EXAFS data (black) and best fit simulations (green) of (A) Yfh1-Fe, (C) Isu1-Fe, (E) 
Isu1-Fe-S, (G) Isu1-Yfh1-Fe, and (I) Isu1-Yfh1-Fe-S. Corresponding Fourier 
transform plots of raw data (black) and best-fit simulations (green) of (B) Yfh1-Fe, 
(D) Isu1-Fe, (F) Isu1-Fe-S, (H) Isu1-Yfh1-Fe, and (J) Isu1-Yfh1-Fe-S.  Data 
truncated to K=12.85 and collected on at least 2 independent data sets. 
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Table 4.3. XAS best fit values for Fe-S assembly.  Best fit simulation values for 
figure 4.4.  Values reported represent average of 2 independent data sets. 
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4.3.5 Molten Globule Nature of Isu1 by ANS 
 Fluorescence spectroscopy was used to characterize Isu1 structural changes 
coupled to iron or sulfide binding, or following Fe-S cluster formation.  Binding of the 
fluorescent probe ANS is often used to characterize the globular nature of 
biomolecules, since ANS selectively binds to solvent exposed hydrophobic regions in 
molten globule proteins.  Binding induces a fluorescence signal in the vicinity of 500 
nm (λexcite = 371nm), whereas well-folded proteins bind little dye and exhibit little 
fluorescence.  Apo-Isu1 exposed to ANS exhibits a large fluorescence signal 
centered at 480 nm (Figure 4.5A, light solid line).  At these concentrations, ANS in 
buffer by itself had negligible fluorescence (control not shown).  Reverse titration 
analysis of ANS into Isu1 indicated a maximum concentration of ligand bound to Isu1 
(Bmax) of 34.44 ± 0.49 µM.  The dissociation constant (KD) for the dissociation of ANS 
to Isu1, obtained from Scatchard analysis, was 7.73 µM ± 0.31.  The linear nature of 
the bound/free vs. free ANS from the Scatchard analysis (Figure 4.5B; inset) 
indicates a single ANS binding site on the protein. 
 The effect of structural changes on Isu1 coupled with Fe(II) or S2- binding was 
also tested by fluorescence spectroscopy.  Addition of either ferrous iron (Figure 
4.5A, long dashed line) or sulfide (Figure 4.5A, short dashed line) to the Isu1/ANS 
mixture exhibits only subtle changes in fluorescence intensity, although the 
fluorescence maximum was red-shifted to 490 nm in both cases, indicating an 
increase in polarity of the ANS binding environment coupled with substrate binding.  
Interestingly, incubation of both ferrous iron and sulfide to Isu1 prior to dye addition 
results in a substantial decrease of signal intensity (Figure 4.5A, bold solid line), 
suggesting a reduction in ANS accessibility to Isu1 (or an increase in Isu1 fold) 
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coupled to the formation of a complete Fe-S cluster.  
 
 
 
Figure 4.5. (A) Molten globule nature of Isu1 by fluorescence spectroscopy.  
Fluorescence of ANS bound to Isu1 alone (thin-solid line), Isu1 incubated with Fe(II) 
(thin dashed line), Isu1 incubated with S2- (thin-dotted line) and Isu1 incubated with 
Fe(II) and then S2- (bold-solid line). (B) Fluorescence titration of Isu1 with ANS at 
25º C.  Isu1 (0.7 mg/ml) was titrated with increasing concentration of ANS (upto 200 
µM) and the fluorescence intensity was monitored at 476 nm.  Inset, Scatchard plot 
for the binding of ANS to Isu1. 
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4.4 Discussion 
 Mounting evidence suggests that de novo Fe-S cluster assembly within the ISC 
pathway occurs via formation of a multiprotein complex consisting of the cysteine 
desulfurase, the assembly scaffold, frataxin and, in eukaryotes, the accessory 
protein Isd11 (4, 36).  Here we provide molecular details of the frataxin interaction 
with the scaffold protein, one event in multiprotein complex formation.  In yeast, a 
direct interaction between Yfh1 and Isu1 is well documented, confirming that binding 
can occur separately from multiprotein complex formation and suggesting that 
contact between these two partners may drive mutiprotein complex formation.  
Frataxin also interacts separately with the cysteine desulfurase and with Isd11, and 
so future investigation of these interactions distinct from multiprotein complex 
formation is also certainly justified.  Our goal is to dissect each protein-protein 
interaction separately, starting with the frataxin-scaffold protein interaction, and then 
building towards a global understanding of structural changes that occur during 
multiprotein complex formation.  Key differences between the prokaryotic and 
eukaryotic systems (for example the presence of Isd11 in eukaryotes) indicate 
interactions between protein orthologs may be partially unique for the system under 
investigation, so clarification of these interactions within the yeast system may help 
explain key differences in the function of frataxin between different species (i.e. iron 
delivery or storage vs. pathway regulation).  In addition, this report follows the 
structural path of iron delivery to Isu1 during multiple stages of Fe-S cluster 
assembly. In summary, we provide in this report the structural and thermodynamic 
details essential for understanding Fe-S cluster assembly at a molecular level, short 
of having the complete multiprotein complex structure.  
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 Our NMR mapping results indicate that Yfh1 binds to Isu1 utilizing the frataxin 
 α1/β1 acidic ridge and a large section of the β-sheet surface of the protein.  Included 
in this binding region are the two Yfh1 iron binding sites previously identified by NMR 
(21).  Overlap of these Yfh1 iron binding sites with the Isu1 interaction interface 
would be consistent with an iron delivery function for frataxin.  The Yfh1 surface 
shown here to bind to Isu1 includes key residues shown to be essential for Fe-S 
cluster assembly.  Others have shown substitution of conserved acidic residues 
(D86, E89 on α1 or D101, E103 on β1) by lysine impairs Fe–S cluster assembly, 
weakens the interaction between Yfh1 and Isu1, and increases oxidative damage in 
the cell (37).  Mutations of residues in the third β-strand region (either N122 itself or 
as a N122, K123, Q124 triple mutant) or at positions Q129, W131 (β4) and R141 
(β5) also show severe functional defects and decreased affinity of Yfh1 for Isu1 (8, 
13).  Frataxin’s  α1/β1 acidic ridge has also been shown to participate in the bacterial 
frataxin binding surface for the cysteine desulfurase (14), so it seems possible that 
the cysteine desulfurase and scaffold bind contiguously to this region of frataxin.  
 Binding between Yfh1 and Isu1 is selective by nature (8, 13, 38, 39).  Yfh1 or 
Isu1 individually bind iron, but with different affinities, suggesting that energetic 
factors could be key determinants in the selective delivery of iron from Yfh1 to Isu1 if 
frataxin is serving as an iron chaperone.  Binding affinities for iron to the different 
frataxin orthologs all occur in the micromolar range (7) where as binding affinities for 
iron to the different scaffold protein orthologs are generally sub-micromolar (16).  
Binding between Yfh1 and Isu1 is also iron dependent.  Interestingly, while Yfh1 
binds 2 iron atoms, the binding site on Yfh1 is weaker than the tighter binding 
measured between holo-Yfh1 and Isu1.  The presence of Nfs1 and Isd11 will surely 
alter these binding affinities, and experiments directed at measuring these additional 
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binding interactions are currently underway.  However, our results indicate that it 
would be energetically favorable for holo-Yfh1 and apo-Isu1 to interact in the 
presence of iron.  This protein-protein binding would then allow metal transfer to 
Isu1, and following removal of metal from frataxin would cause Yfh1 release from 
Isu1. 
 Snapshots of the structural and electronic details of iron during the different 
stages in the Yfh1- Isu1 interaction provide insights into how metal is utilized during 
cluster assembly.  Our data highlight, in the absence of sulfide, that iron exists in at 
least three stages, starting with its binding to Yfh1, then in the Yfh1-Isu1 complex, 
and ending with its binding to Isu1 alone.  In all three states, iron is stable as high- 
spin six coordinate Fe(II) coordinated by only oxygen or nitrogen based ligands. 
Analysis of the metrical details of the metal-ligand structure indicate that the 
coordination environment of Fe(II) bound to Isu1 is distinct from Fe(II) on Yfh1 alone 
or in the Yfh1-Isu1 complex, suggesting that metal bounding to Isu1 alone is the end 
point following delivery.  Surprisingly, there is no evidence for sulfur ligation of iron 
bound to Isu1.  Our data therefore suggest that when Isu1 initially binds iron, the 
protein utilizes a site distinct from the cysteine rich assembly site.  
 Introduction of sulfide to iron bound to Isu1 (either in complex with Yfh1 or 
alone) induces the formation of a multinuclear Fe species structurally consistent with 
a 2Fe-2S cluster.  Shifts in the pre-edge feature and edge energy are consistent with 
a percentage of the iron (at a 50% lower limit) being shifted to a 4 coordinate sulfur 
containing structure.  Metrical parameters for Isu1 bound iron in this Fe-S structure 
indicate two iron atoms occur at ca. 2.7 Å, consistent with the formation of an 
authentic 2Fe-2S cluster (35).  In addition, these results are consistent with our 
recent spectroscopic characterization of the formation of a Fe-S cluster based on the 
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435 nm chromophore seen in the UV-vis assembly assay for Isu1 in the presence of 
both Fe and S (15). 
 The global fold of Isu1 becomes more defined as a result of Fe-S cluster 
formation.  Structures of multiple IscU orthologs exhibit shared features including the 
presence of an α + β core (40-44).  In many cases, homogeneity in structure and the 
extent of the ortholog’s fold is influenced by the presence of metal.  ANS binding 
fluorescence was used to determine the molten globular nature of the T.maritima 
IscU in solution (45).  Our data indicate binding of Fe2+ or S2- alone by Isu1 has only 
a minimal affect on the protein’s fold, although a red-shift seen in fluorescence is 
consistent with substrates influencing an increase in the molecule’s global 
environmental polarity (46).  Concurrent with or following Fe-S cluster formation, the 
Isu1 structure shifts to an increased fold with a hydrophobic core that better excludes 
solvent.  This increase in fold is consistent with the well-folded A. aeolicus IscU 
structure that was determined with a Fe-S cluster bound (47).  It should be noted, 
our experiments were performed on the D37A Isu1 mutant to ensure retention of the 
bound Fe-S cluster; this mutant was selected so we could study Isu1 with an intact 
cluster.  In the D37A Isu1 mutant, in the absence of the conserved aspartic acid, a 
conserved histidine preceding the most C-terminal cysteine is believed to supply the 
fourth ligand to the cluster thereby locking the cluster in place (48).  While there are 
certainly structural differences resulting from this mutation, we expect that the 
changes will be local relative to the overall protein fold since these residues are in a 
surface exposed location.  We would further expect that the wild type Isu1 protein 
would release the cluster intermediate as part of a later step in Fe-S cluster 
assembly, subsequently returning to its initial flexible state.  The increased flexibility 
obtained upon cofactor release would likely help prime Isu1 for the next round of 
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cluster assembly. 
 Mounting evidence suggests that yeast mitochondrial Fe-S cluster assembly 
requires interactions between proteins forming a whole or subset of a 
Nfs1/Isd11/Isu1/Yfh1 multiprotein complex.  Insight into the structure of this complex 
can be gained from studies of orthologous protein interactions. Structural details for 
the bacterial IscS/IscU complex have recently emerged, providing direct insight into 
how cysteine desulfurase and the scaffold interact (44).  In the structure, IscU binds 
to the C-terminal region of IscS in close proximity to the cysteine desulfurase critical 
active site cysteine (Cys328).  In the process, bound IscU projects its three 
conserved cysteine active site residues toward the IscS loop that carries Cys328.  
Interestingly, binding of IscU to IscS induces an increase in the fold of the N-terminal 
region of the scaffold protein.  Mutagenesis studies of bacterial frataxin (CyaY) 
binding to IscS showed frataxin interacting with the cysteine desulfurase in a region 
in close proximity but distinct from Cys328; binding of CyaY did not disrupt sulfur 
transfer from IscS to IscU.  NMR chemical shift mapping studies showed CyaY 
interacting with IscS through multiple residues on frataxin’s acidic (helix-1/strand-1) 
acidic ridge (14).  Combined, these studies provide structural details for how IscU 
and IscS interact, and for how IscS and CyaY interact.  However, molecular details 
regarding frataxin’s interaction with the scaffold protein remain ambiguous.  
 Our results, when combined with the above listed structural details, allow us to 
propose a structural model for how Yfh1 interacts with Isu1 during the initial stages 
of Fe-S cluster assembly.  A large portion of frataxin’s β-sheet surface, along with 
the N-terminal helix, forms the interface with Isu1, and this interaction is iron 
dependent.  This Isu1 interacting surface of frataxin encompasses the two Yfh1 iron 
binding sites.  When utilized, this would position Yfh1 for iron delivery or for assisting 
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in stabilization of the intermolecular interface.  An interaction with the cysteine 
desulfurase residues in one of the Nfs1 monomers that participate in CyaY binding 
would position frataxin so it could interact with the second cysteine desulfurase 
monomer in the dimer; this would occur in close proximity to the scaffold protein 
binding site (44).  By modeling the Isu1 and Nfs1 structures from the bacterial 
orthologs, we developed a model for how these three proteins could come together 
to perform cluster assembly (Figure 4.6).  In our model, Yfh1 could bind to Isu1 and 
also possibly to Nfs1 in the active site regions using residues identified above to be 
involved in protein-protein interactions with only minimal distortion of the Isu1/Nfs1 
protein complex structure (red residues in Figure 4.6).  In our model, frataxin binding 
would require subtle movement of the Nfs1 dimer/Isu1 orientation, and this 
movement has already been proposed to bring cysteine desulfurase and the scaffold 
protein together (44).  Structural details for frataxin’s interaction with Isd11 are 
currently under investigation and while not included in detail in our model, the 
accessory protein could modify the movement of Isu1/Nfs1 relative to frataxin’s 
position by also binding in this region.  Sulfur delivery for Fe-S cluster assembly may 
occur coordinately with these protein interactions.  In our model, iron is delivered to 
Isu1 using surface exposed residues amenable for both frataxin binding and close to 
the Fe-S cluster assembly site.  Following iron delivery, frataxin would dissociate 
from the multiprotein complex prompting Isu1 to complete Fe-S cluster assembly.  
Structural and biochemical experiments are currently under way to test this model 
and to further characterize the individual interaction of frataxin with each additional 
binding partner.  
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Figure 4.6. Model for the formation of the multiprotein complex required for Fe-
S cluster assembly in the ISU pathway.  The Isu1 and Nfs1 structures are 
modeled based on the bacterial IscS/U structure (PDB  code 3LVL).  Residues 
identified in red on Nfs1 were identified as being essential to the binding of  frataxin.  
Frataxin’s Isu1 binding surface is displayed but the protein must undergo a 180°  
horizontal axis rotation to fit in the binding pocket.  Finally, while Isd11 is essential for 
in vivo Fe-S cluster assembly, structural details for the protein are lacking so the 
protein is shown as only an oval.  
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CHAPTER 5 
IRON BINDING AND INITIAL METAL LOADING SITE ON THE ISU SCAFFOLD 
PROTEINS 
 
5.0 Prelude 
Iron sulfur cluster bioassembly in eukaryotes occurs within the mitochondria of 
cells and the reaction is catalyzed by the “ISU” scaffold protein.  ISU must bind both 
iron and sulfide, and they do so via chaperone systems in a manner conducive to 
cluster assembly.  In work presented in this chapter, we have characterized the 
unique iron binding properties of ISU protein homologs implicating an initial metal 
binding site exists that is distinct from the established active site of the enzyme.  
Evidence is presented using a variety of biochemical and spectroscopic techniques 
(Isothermal Titration Calorimetry (ITC), X-ray Absorption Spectroscopy (XAS) and 
Mössbauer Spectroscopy) to study ISU proteins from 4 different species (Homo 
sapiens, Drosophila melanogaster, Sacchromyces cerevisiae and Thermotoga 
maritima) representing a cross section of eukaryotic and prokaryotic organisms.  I 
performed all the experiments on the Drosophila system and worked through 
collaboration to obtain the Mössbauer studies on all orthologs.  This work will be 
submitted for peer review as a communication to the Journal of American Chemical 
Society, with the author of this dissertation as first coauthor, with the following 
reference: Cook J.D., Rawat S., Raththagala M., Lindahl P., Cowan J.A., and 
Stemmler T.L., titled “Two Step Loading of Fe onto ISU Scaffold Proteins”. 
 
5.1 Introduction 
 In the pre-biotic milieu of ancient earth, iron sulfur (Fe-S) clusters were most 
likely among the first chemical compounds to perform the chemistry essential to life 
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processes (1).  Fe-S cofactors are used ubiquitously throughout biology to perform 
basic catalytic, electron transfer, and regulatory roles (2, 3).  Three dedicated 
pathways and upwards of at least 20 different proteins have been identified for the 
formation of these ancient cofactors (4).  The major pathway within the mitochondria 
responsible for general Fe-S cluster production is the iron-sulfur cluster (ISC) 
biosynthetic pathway (4). Assembly of Fe-S clusters within the ISC pathway requires 
a highly conserved scaffold protein on which the cofactors are assembled (termed 
Isu or IscU in eukaryotes and prokaryotes, respectively) (5-8).  Sulfide is provided by 
a cysteine desulfurase, NifS (along with an adapter protein, Isd11 in eukaryotes)  (4, 
6, 9).  Iron is believed to be provided to the pathway by the chaperone protein 
Frataxin (6, 10-14).  Although genetics studies have identified many of the players 
involved during assembly, many biochemical details of the pathway are still unclear.  
ISU proteins contain three highly conserved cysteine residues and a semiconserved 
histidine residue; these residues are believed to construct the active site of the 
protein (15, 16).  This was recently validated in prokaryotes by the crystal structure 
of IscU with a 2Fe-2S cluster bound (17). However, the enzymatic mechanism for 
Fe-S cluster production remains unknown.  In this report, we seek to characterize 
four highly homologous ISU orthologs (Homo sapiens, Drosophila melanogaster, 
Sacchromyces cerevisiae and Thermotoga maritima) in the hope of clarifying the 
initial steps of Fe binding to ISU proteins. ISU proteins studied in this report exhibit 
80% (Dm), 73% (Sc), and 28% (Tm) sequence identity to the human homolog 
(Figure 5.1).  We present both structural and biochemical data that suggest the 
presence of a metal binding site on the protein independent of the active site in each 
of the ISU proteins. 
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Figure 5.1. Sequence alignment of ISU proteins.  Mature protein sequences from 
H. sapiens, D. melanogaster, S. cerevisiae and T. maritima were aligned using 
Kalign v2 software (18). The conserved 3-Cys active site consists of C71, C98 and 
C159 according to the consensus ruler. 
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5.2 Materials and Method 
5.2.1 Protein Expression and Purification 
 S. cerevisiae Isu1 containing a D37A mutation was subcloned into a pET21b 
expression vector (Novagen) with a C-terminal His tag and the sequence was 
confirmed by DNA sequencing.  Plasmid was transfected into BL21(DE3) CodonPlus 
cells and grown by auto induction (19) at 25°C for ca. 24 hrs before harvesting by 
centrifugation (5000 rpm, 45 min).  All protein isolation steps were all performed at 
4°C.  Cells were re-suspended in 50 mM NaPO4 (pH 7.5), 300 mM NaCl, 20 mM 
Imidazole, and 5 mM β-Me (5 mL/g cells) in the presence of Complete EDTA free 
Protease inhibitor cocktail (Roche).  Cells were lysed during two passes through a 
French Press cell followed by 2 rounds of sonication (50% power), and spun at high 
speed (21000 rpm) for 1 hour.  The crude soluble fraction was filtered (0.20 µm) and 
loaded onto a HisPrep FF Ni-column (Pharmacia) using an Imidazole gradient (20-
500 mM, protein elutes ~ 120 mM).  Active fractions were pooled and concentrated 
to ca. 1 mL using 3 kDa cutoff centricons (Millipore) and run over a Sephadex 75 
size exclusion column (Pharmacia) equilibrated with 20 mM HEPES (pH 7.5), 150 
mM NaCl and 5 mM β-Me.  Protein elutes at a volume consistent with a 14 KDa size 
to attain ≥ 95% pure protein (typical yields were 1 mg/L).  D. melanogaster mature 
wild type ISU was subcloned into a pET151D-TOPO expression vector (Invitrogen) 
with cleavable His-tag and confirmed by sequencing. Plasmid was transfected into 
BL21(DE3) CodonPlus cells and grown by auto induction (19) at 25°C for ca. 24 hrs 
before harvesting by centrifugation.  Protein was isolated as described above with 
typical yields of 27 mg/L.  H. sapien and T. maritima purified protein samples were 
generously provided by the Cowan lab (Evans Laboratory of Chemistry, Ohio State 
University), expression and isolation protocols are described elsewhere (10, 12, 20). 
128 
 
5.2.2 Isothermal Titration Calorimetry 
Isothermal titration calorimetry (ITC) measurements were performed to 
measure the binding affinity and maximum stoichiometries of ferrous iron to each 
ISU protein. Experiments were performed at 30 °C on a VP-ITC titration 
microcalorimeter (Micro Cal Inc.).  A solution containing 30 µM ISU (human, yeast 
and thermatoga) was thoroughly degassed and loaded into the adiabatic cell and 
500 µM buffered anaerobic ferrous iron solution was loaded into the syringe.  The Fe 
into DIsu ITC experiment was conducted by titrating a 2.1 mM ferrous iron solution 
into 90 µM DIsu solution.  An initial 2 µL injection was followed by 29 additional 
injections of 10 µL titrant allowing 10 min between each injection to allow for 
complete equilibration with constant stirring (500 rpm).  Both sample and titrant were 
in matched 20 mM HEPES (pH 7.5), 150 mM NaCl and 5mM β-Me buffer.  Data was 
collected in duplicate and protein samples were extensively degassed and buffers 
were purged with Ar(g) to help stabilize the iron in the ferrous state.  Data was fit and 
analyzed using the Origin 5.0 software package supplied by Micro Cal (GE life 
sciences), which uses a non-linear least squares curve fitting algorithm, to determine 
the stoichiometric ratio, dissociation constant and change in enthalpy of the reaction. 
 
5.2.3 XAS Sample Preparation and Analysis 
X-ray absorption spectroscopy was used to study the electronic properties 
and ligand coordination geometry of iron bound to different ISU orthologs.  All 
samples were prepared anaerobically within a glove box (PlasLabs) using protein 
and iron solutions that were initially degassed on a Schlenk line and stored under an 
Ar(g) atmosphere. XAS samples were prepared at ~0.5 mM final protein 
concentrations in 20 mM HEPES (pH 7.0), 150 mM NaCl and 5 mM β-Me buffer.  
Samples were diluted with 30% glycerol as a glassing agent and loaded into Lucite 
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cells wrapped with Kapton tape, flash frozen in liquid nitrogen, removed from the 
glove box and stored in liquid nitrogen until data collection. 
XAS data were collected at the Stanford Synchrotron Radiation Laboratory 
(SSRL), on beamlines 7-3 and 9-3, and at the National Synchrotron Light Source 
(NSLS), on beamline X3 b.  Beamlines were equipped with harmonic rejection 
mirrors and either Si(220) double crystal monochromators or a Si(111) single crystal 
monochromator, at SSRL and NSLS, respectively.  Samples were maintained at 10 
K using an Oxford Instruments continuous-flow liquid helium cryostats at SSRL and 
at ca. 24 K using a He Displex Cryostat at NSLS.  Protein fluorescence excitation 
spectra were collected using 30-element Ge solid-state array detectors at SSRL and 
a 13- element Ge solid-state detector at NSLS.  XAS spectra were measured using 5 
eV steps in the pre-edge regions (6900-7094), 0.25 eV steps in the edge regions 
(7095- 7135 eV) and 0.05 Å-1 increments in the extended X-ray absorption fine 
structure (EXAFS) region (to k = 13.5 Å-1), integrating from 1 to 20 s in a k3 weighted 
manner for a total scan length of approximately 40 min.  X-ray energies were 
calibrated by collecting an iron foil absorption spectrum simultaneously with 
collection of the protein and model data.  The first inflection point for the Fe foil edge 
was assigned at 7111.3 eV.  Each fluorescence channel of each scan was examined 
for spectral anomalies prior to averaging and spectra were closely monitored for 
photoreduction. 
SSRL protein data represent the average of 5 to 6 scans, while NSLS protein 
data represent the average of 8 to 9 scans.  XAS data were processed using the 
Macintosh OS X version of the EXAFSPAK program suite integrated with the Feff 
v7.2 software for theoretical model generation (21).  XAS data reduction utilized a 
Gaussian function in the pre-edge region and a three-region cubic spline in the 
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EXAFS region. EXAFS data were converted to k-space using an E0 value of 7130 eV.  
The k3 weighted EXAFS was truncated at 1.0 and 12.85 Å-1 for filtering purposes and 
Fourier transformed.  The final fitting results listed in Table 5.1 are from analysis of 
the raw unfiltered data.  Edge inflection energies were calculated using the maximum 
of the 1st derivative of the XANES data in Kaleidagraph.  Analysis of the XANES 
1s→3d transitions was completed using the EDG_FIT subroutine within EXAFSPAK 
(21).  Only spectra collected using the higher resolution Si(220) monochromator 
crystals were subjected to edge analysis.  Pre- and post-transition splines were fit to 
the spectra within the energy range of 7090 to 7100 eV and 7120 to 7125 eV, 
respectively.  The extrapolated line was then subtracted from raw data to obtain 
baseline corrected spectra.  The pre-edge features were modeled using pseudo-
Voigt line shapes (simple sums of Lorentzian and Gaussian functions), and the 
energy position, the full width at half-maximum (FWHM) and the peak heights for 
each transition were varied.  A fixed 50:50 ratio of Lorentzian to Gaussian functions 
successfully reproduced the spectral features of the pre-edge transitions.  Global 
peak transition areas were determined for all spectra over the energy range of 7109 
to 7117 eV using the program Kaleidagraph. Values obtained for the pre-edge 
intensity were multiplied by 100 to match the published procedures and area values 
shown for our models are nearly identical to published values.  
EXAFS data fitting analysis performed on both Fourier filtered and 
raw/unfiltered data gave equivalent structural results.  Model and protein EXAFS 
data were fit using both single and multiple scattering amplitude and phase functions 
calculated using Feff v7.2.  Single scattering Feff v7.2 models were calculated for 
carbon, oxygen, sulfur and iron coordination to simulate possible iron-ligand 
environments in our systems.  Fits to the crystallographically characterized model 
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compounds were used to calibrate the scale factor and ΔE0 values which we used in 
our protein fits.  A scale factor of 0.95 and a threshold shift (ΔE0) -11.5 eV were used 
during our protein data analysis.  The scale factor and E0 were not allowed to vary as 
they were calibrated from the Fe(II) model compounds matching the oxidation state 
of the ferrous iron we found in our protein samples.  When simulating empirical data, 
metal-ligand coordination numbers were fixed at half-integer values while only the 
absorber-scatterer bond length (R) and Debye-Waller factor (σ2) were allowed to 
freely vary.  The criteria for judging the best fit simulation, and for adding ligand 
environments to the fit, included: (A) the lowest mean square deviation between data 
and fit (F’), a value corrected for number of degrees of freedom in the fit, (B) 
individual shell bond distances must be outside the spectral resolution ( > 0.13 Å), 
and finally (C) all Debye-Waller factors in the ligand system must have values less 
than 0.006 σ2. 
 
5.2.4 Mössbauer Spectroscopy Sample Preparation and Data Analysis
 Mössbauer samples were prepared anaerobically in a glovebox (PlasLabs), 
and all proteins and solutions were first extensively degassed on a schlenk line.  
Ferric Fe57 was dissolved in a mixture of HCl/HNO3 and reduced to the ferrous form 
using sodium hydrosulfite in a basic solution under anaerobic conditions.  Iron 
oxidation state was confirmed using the Fe (II) specific chromophore bipyridine.  The 
reduced iron was combined with ISU protein samples at a 1:1 stoichiometry and 
allowed to equilibrate for 10 min at room temperature prior to loading into the sample 
cells.  Samples were frozen in the glovebox using an aluminum block bathed in liquid 
nitrogen.  Mössbauer spectra were also collected at Texas A&M University using a 
model MS4 WRC spectrometer (WEB Research, Edina, MN) with a 4.5 to 300 K 
closed-cycle helium refrigerated system and a W106 temperature controller.  Data 
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was analyzed using the WMOSS software package (WEB Research, Edina, MN).  
Isomer shifts are quoted relative to Fe metal at 298 K.  Spectra were collected for 24 
h at 4.5 K and 100 K with little distinguishable difference in spectral features. 
 
5.3 Results 
5.3.1 ISU Proteins Directly Bind Iron 
 In order for the protein-assisted assembly of Fe-S clusters to occur within the 
ISC pathway, ISU proteins must be capable of binding iron.  Using ITC, we observed 
ISU proteins have a direct interaction with ferrous iron.  It has been previously shown 
the Tm and Hs proteins are capable of binding ferrous iron at micromolar binding 
affinities (12, 15).  We observe similar results in the two additional species; Dm and 
Sc. Measurements of both Dm and Sc ISU were performed anaerobically in buffered 
solutions that helped increase protein stability (20 mM HEPES (pH 7.5), 150 mM 
NaCl and 5 mM β-Me).  Addition of iron resulted in a strong single exothermic 
reaction (Figure 5.2 A, C) for both Dm and Sc ISU.  Plots of the integrated heat 
released vs. molar ratio are shown in Figure 5.2 B and D for Dm and Sc ISU, 
respectively.  Data were best fit in both cases using a 2 binding-site model using the 
Origin 5.0 software. Dm ISU binds approximately 1.21± 0.25 Fe(II) atoms with an 
apparent KD1 of 475 ± 166 nM and 1.40 ± 0.07 Fe(II) atoms with a KD2 of 64.5 ± 17 
nM.  Sc ISU binds ca. 1.19 ± 0.66 atoms Fe(II) with a KD1 of 234 ± 35 nM and 0.97 
± .31 atoms Fe(II) with a slightly tighter KD2 of 6 ± 4 nM.  These binding affinities are 
slightly tighter compared to previously published data for Hs and Tm ISU, of which 
both bound Fe(II) in the µM range (Table 5.1); however, the Hs and Tm data were 
collected under different buffer conditions (12, 15, 16). 
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Figure 5.2. Raw isothermal titration calorimetry and binding isotherm data for 
ferrous iron binding to ISU proteins.  Raw heat released data for Dm ISU (A) and 
Sc ISU (C) binding to ferrous iron, simulated fits to the binding isotherm data for Dm 
(B) and Sc (D).  Data were collected anaerobically at 30°C in 20 mM HEPES (pH 
7.5) and 150 mM NaCl and 5mM β-Me.  Spacing between injections was 10 minutes. 
Syringe stirring speed was kept at 500 rpm. 
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Table 5.1.  Fe(II) binding affinities of ISU proteins.  ITC fitting parameters for ISU 
proteins binding ferrous iron.  Averaged values for stoichiometry (N1 and N2) and 
dissociation constants (KD1 and KD2) are provided with error bars. 
 
 
Ortholog 
 
N1 KD1 N2 KD2 
H.sapien 1.0‡ 2.0 ± 0.2 uM --- --- 
D.melanogaster 
 
1.21 ± 0.25 
 
475 ± 166 nM 
 
1.40 ± 0.07 
 
64.5 ± 17 nM 
 
S.cerevisiae 1.19 ± 0.66 234 ± 35 nM 0.97 ± .31 6 ± 4 nM 
T.maritima 1.0§ 2.7uM --- ---  ‡ (16) § (15) 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5.3.2 Iron Coordination Geometry of ISU Proteins 
 XAS studies were used to probe the structural details of initial iron loading 
onto ISU type proteins.  Full XAS data sets were collected on multiple independent 
samples of Hs, Dm, Sc and Tm ISU proteins with 1 iron bound.  Samples were 
prepared anaerobically and loaded into each sample cell while the protein was inside 
a glove box. XANES analysis revealed iron was predominantly in the Fe(II) state as 
compared to ferrous iron controls, base on the analysis of the first inflection point of 
the edge feature for each spectrum.  Raw EXAFS data for all 4 ISU samples show a 
predominant single frequency pattern centered at ca. 5-6 Å-1 and this is suggestive of 
a nearest-neighbor coordination environment constructed of only O/N based ligands 
(Figure 5.3 A, C, E, G black lines).  An apparent ‘camel back’ feature is observed 
for the Hs and Tm samples (Figure 5.3 A and G, respectively) suggesting the 
presence of a Histidine ligand, but this feature is not present in the other samples.  
Fourier transforms of the data for Hs, Dm, Sc and Tm ISU proteins (Figure 5.3 B, D, 
F, H, black lines, respectively) indicate a predominant single nearest neighbor ligand 
environment feature centered around a phase-shifted bond length (R + Δ) of ca. 1.8 
Å, with minimal scattering from long distance ligands.  Hs, Dm, and Sc data were 
best fit using 2 O/N shell nearest neighbor simulations (Figure 5.3 A, C, E, green 
lines) while Tm samples could only be fit using a single O/N shell (Figure 5.3 F).  
Long range scattering could only be fit with carbon scattering, attempts with fits using 
sulfur or iron atoms decreased the quality of the fit. The best fit simulations are 
summarized in Table 5.2.  All samples show partially disordered ligand environments 
with total coordination around 6, as would be expected for an Fe(II) with octahedral 
symmetry.  Interestingly, there is no evidence for sulfur ligation in any of the samples. 
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Figure 5.3. EXAFS and Fourier transforms of iron loaded ISU XAS data.  EXAFS 
spectra in black (A,C,E,G) and FT (B,D,F,H) data, and best fit simulations shown in 
green of H. sapiens (A,B) D. melanogaster (C,D), S. cerevisiae (E,F) and T. maritima 
(G,H) ISU proteins bound to 1 Fe atom. 
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Table 5.2.  Summary of EXAFS fitting results for Fe bound ISU proteins.  Data 
fit over a k range of 1 to 12.5 Å-1 using EXAFSPAK and feff7 theoretical models. 
 
 Fe­Nearest Neighbor 
Ligandsa  
Fe•••Long Range 
Ligandsa  
 
Sample Atomb R(Å)c C.N.d Å 2 e Atomb R(Å)c 
C.N.
d Å 2 e F’ f 
H.sapien O/N 2.01 1.5 2.02 C 3.13 3.0 5.83 0.45 
 O/N 2.14 4.0 1.28 C 3.52 1.0 1.0  
     C 4.13 6.5 5.95  
          
D.melanogaster O/N 1.99 3.0 3.78 C 3.13 1.5 3.01 0.32 
 O/N 2.15 2.0 2.94      
          
S.cerevisiae O/N 2.01 1.0 1.91 C 3.01 1.5 1.14 0.99 
 O/N 2.14 4.5 3.25      
          
T.maritima O/N 2.13 6 4.30 C 3.10 3 1.56 0.99 
     C 3.27 4.5 1.20  
     C 3.49 4.5 1.66  
     C 3.71 3.5 3.9  
  
a Data were fit over a k range of 1 to 13.35 Å-1.   
b Independent metal-ligand scattering environment 
c Scattering atoms: O (oxygen), N (nitrogen), S (sulfur) and C (carbon),  
d Average metal-ligand bond length from two independent samples 
e Average metal-ligand coordination number from two independent samples 
f Average Debye-Waller factor in Å2 x 103 from two independent samples 
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5.3.3 Metal Site Electronic Structure by Mössbauer Spectroscopy 
 Mössbauer spectroscopy was utilized as an alternative technique to probe the 
metal site electronic structure of ferrous iron bound to ISU proteins.  The 4.5 K 
Mössbauer spectra of each ISU protein anaerobically loaded with ferrous iron are 
shown in Figure 5.4 and each was consistent with high spin ferrous iron constrained 
within an octahedral ligand environment.  A single major quadrupole doublet was 
observed for all samples, with δ values of 1.24, 1.20, and 1.27 mm/s for Hs, Dm and 
Tm, respectively, and corresponding ΔEQ values of 2.35,1.94 and 2.76 mm/s (Table 
5.3). 
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Figure 5.4. Mössbauer spectra of ISU proteins.  Top to bottom: Human Isu 4.5K 
700G parallel field, Human Isu 100K 700G parallel field, Drosophila Isu 4.5K 400G 
parallel field, Thermatoga Isu 4.5K 400G applied field.  All samples have been 
collected ~24h for about 3-4 M counts of radiation. 
 
 
140 
 
 
Table 5.3.  Analysis of Mössbauer parameters for Fe bound ISU proteins. 
 
Sample δ (mm/sec) ΔEQ (mm/sec) Lw (mm/sec) 
H.sapien 1.26 2.60 0.768 
D.melanogaster 1.24 2.83 0.801 
S.cerevesiae NA NA NA 
T.maritima 1.26 2.61 0.742 
Aq Fe (II) 1.35 3.06  
 
δ – Isomer shift  
ΔEQ – Electric quadrupole  
Lw – Line width at full width half maximum of signal 
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5.4 Discussion 
 The ISU family of proteins is essential for cellular Fe-S cluster assembly.  This 
family is highly conserved in their amino acid sequence, indicating a common and 
ancient evolution.  In this report, we characterize the structural and electronic 
properties of ferrous iron bound to four members of the ISU family of proteins.  
Although ISU has been shown at both a genetic and biochemical level to be the 
scaffold upon which Fe-S cluster biosynthesis is orchestrated (5, 7, 15), the 
mechanistic details of Fe-S cluster assembly still remain elusive and have been the 
subject of intense research efforts by many research groups.  Although cluster 
formation is chemically a simple task, it is still unclear how these events occur in a 
strictly controlled protein environment.  Both the sulfide and iron donors have been 
identified which promote transfer of these substrates to the scaffold protein however 
the subsequent cluster formation is difficult to observe directly at a molecular level.  It 
has been shown structurally that the product of cluster formation is bound at the 3-
Cys site and these 3 Cys residues are implicated as being active site residues (17).  
ISU proteins have previously been shown to bind iron, but biophysical analysis of the 
metal center has always been after an intact cluster has been formed (15, 16).  To 
help further elucidate the mechanistic details of cluster formation by the ISU proteins, 
we characterized iron binding of ISU proteins across a variety of species.  A 
comparison of iron binding to ISU proteins by ITC shows these proteins are able to 
bind ferrous iron with low micromolar and sub-micromolar affinities. These binding 
affinities are consistent with the copper chaperones have been studied to date (22).  
 Frataxin, the proposed iron donor within the Fe-S assembly pathway has been 
extensively studied using the human, fly, yeast and bacterial systems.  To date, all 
frataxin homologs studied have been observed to bind iron with binding affinities also 
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in the low micromolar range (13, 23-26).  Binding affinities for iron by the ISU 
proteins that are tighter than the chaperones themselves suggests metal transfer is 
energetically favorable.  The process is most likely however much more complicated 
than simple inter-residue transfer, with multiple proteins and conformational changes 
ultimately leading to cluster formation.  The KD values reported by the Cowan group 
for Hs (KD= 2.0 µM) and Tm (KD= 2.7µM) ISU proteins are lower than those reported 
here for Dm (KD1= 475 nM, KD2= 64.5 nM) and Sc (KD1= 234 nM, KD2= 6 nM), but this 
may be attributable to the fact that different solution conditions were tested during 
the experiments.  It is clear that the different ISU proteins are capable of directly 
binding ferrous iron and this certainly has direct mechanistic implications regarding 
the protein’s enzymatic function.  We therefore probed the metal binding 
characteristic of these family members to further explore how clusters are assembled. 
 XAS and Mössbauer studies of ferrous iron bound to ISU proteins are 
consistent with a metal-ligand coordination environments constructed of only oxygen 
and nitrogen based ligands.  XANES analysis of the iron edge for each ISU ortholog 
is consistent with iron being stable in the ferrous state based on the first inflection 
point of the edge and the primary energy feature of the 1s→3d transitions.  In 
addition, the 1s→3d transitions areas and energies are consistend with the ferrous 
iron being stable in the high-spin state.  A quadrupole doublet observed in each Fe-
ISU sample by Mössbauer spectroscopy, with δ values at ca. 1.25 mm/s and ΔEQ ~2 
mm/s, also supports the presence of high spin ferrous iron.  Both Mössbauer and 
EXAFS analysis indicate the metal is coordinated to only O/N based ligands, these 
coordination environments differ slightly between species.  Best fit nearest neighbor 
environments for Hs ISU yield two O/N shells with coordination numbers of 1.5 and 4 
at distances of 2.01 and 2.15 Å, respectively.  Long-range ligand interactions at 
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distances of 3.13, 3.52 and 4.13 Å are most likely due to carbon atoms.  Dm ISU 
was also best fit using two O/N ligand environment with 3 O/N atoms at 1.99 Å and 2 
O/N atoms at 2.14 Å.  Long-range interactions were also best fit with a carbon shell 
at 3.13Å.  Similarly, Sc ISU was best fit with two shells, the first composed of 1 O/N 
at 2.01 Å and the second composed of 4.5 O/N at a distance of 2.14 Å.  The long-
range interaction at 3.01 Å was best fit with carbon.  Iron bound Tm ISU show a 
slightly different coordination geometry with only a single O/N shell composed of 6 
ligands at 2.13 Å, long-range carbon scattering was best fit at 3.27, 3.49 and 3.71 Å.   
 Simulations to the different Mössbauer data qualitatively support these XAS 
results.  The ISU proteins from different sources have somewhat different isomer 
shift and quadrupole splitting values, which suggests that the ligands are not 
precisely the same in each.  The isomer shift arises from differences in s-electron 
densities between source and absorber nuclei and is sensitive to oxidation and spin 
state.  Here we observe relatively high values (δ = 1.20-1.27) due to shielding of the 
outer s-electron charge density by the inner 3d electron charge density indicating a 
metal center in the S=2 high spin ferrous state.  Additionally this shielding leads to 
the high quadropole splittings of around 2-3 mm s-1.  Although line widths are not 
extraordinarily large it is possible they may indicate multiple spectral features, and 
therefore multiple species or binding sites.  Interestingly, the δ and ΔEQ for the 
different ISU proteins are not exactly the same.  This suggests some variation in 
coordinating ligands, with Tm having more oxygen and Dm having the most nitrogen 
with Hs and Sc in between.  
 In summary, these data report clear evidence that the ISU proteins have an 
iron binding site that is distinct from the Cys rich active site.  In particular, these data 
indicate: 1) ISU orthologs are able to bind iron with high affinity and 2) ferrous iron is 
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bound initially via O/N based ligands.  In this report, we focused solely on the initial 
process of iron binding to the ISU orthologs to gain insight into the Fe-S cluster 
assembly pathway.  It was originally assumed that both iron and sulfur addition to 
ISU scaffold proteins occurred at the 3 Cys active site.  Our data indicate ISU initially 
bind iron in a step prior to cluster assembly at a distinctly separate site composed 
entirely of non-cysteine ligands.  The techniques used in this study do not provide 
any information as to the identification of the residues that make up this initial metal 
binding site, nor how the metal is transferred from the iron binding site to the active 
site.  Insight into the conserved sequences may provide further clarification into how 
these proteins bind iron. Acidic residues are highly conserved in approximately 11 
positions (9 of which are completely conserved in our alignment) and 3 partially 
conserved His residues. We therefore plan to target each of these residues in the 
future to provide better clarification into which are at the Fe binding site. 
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CHAPTER 6 
CONCLUSIONS AND DISCUSSION 
6.0 Prelude 
 Biogenesis of Fe-S clusters within the mitochondria by the Iron Sulfur Cluster 
(ISC) assembly pathway is a central component of iron homeostasis and this has 
been the pathway of interest within this dissertation.  The focus of this dissertation 
has been to characterize frataxin’s interaction with the assembly protein partners as 
a way to understand the role of the protein during Fe-S cluster assembly.  My results 
will help in addressing the pathogenesis of the cardio- and neuro-degenerative 
disease FRDA and iron metabolism in general, by providing structural and molecular 
details regarding the function of frataxin.  My studies were performed using fly or 
yeast proteins within the ISC pathway.  My results provide a strong platform for 
future research directed towards the treatment of FRDA and related disorders.  In 
the following paragraphs, I present a brief summary of the research in this 
dissertation and outline future directions for which my work should be extended 
towards better understanding of the role of frataxin in FRDA.  
 
6.1 Conclusions 
 Though known to regulate mitochondrial iron homeostasis, the cellular function 
of frataxin is not completely characterized.  Our central hypothesis is that frataxin 
binds Fe(II), protects reduced iron against oxidation within the mitochondria and 
delivers it to protein partners that assemble Fe-S clusters.  The major goal of the 
research presented here has been to characterize the iron binding ability of frataxin 
and probe its interactions with partners in order to identify how frataxin modulates 
metal delivery within the Fe-S cluster biosynthetic pathway.  Towards achieving this 
goal, research on two frataxin orthologs (yeast and drosophila) has been presented 
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in this dissertation.  
 Chapters 2 and 3 of this dissertation focus on the characterization of the 
Drosophila frataxin ortholog.  The bulk of the biophysical data establishing a 
molecular understanding of frataxin’s iron binding and delivery properties has come 
from the yeast, human and bacterial orthologs, however the first two studies have 
been hindered by the protein’s biochemistry and the third by its unique differences 
with the eukaryotic orthologs.  Issues regarding the instability of frataxin towards N-
terminal autodegradation (in the human protein) or the high susceptibility for 
oxidative damage induced protein aggregation (in the yeast) have plagued studies 
on the eukaryotic orthologs.  The high stability of the Drosophila protein therefore 
provided a stable template to use for studying the role of frataxin, both in vitro for our 
laboratory and directly within a multicellular eukaryotic organism (1-3).  Previously, 
our lab presented a comprehensive characterization of mature Drosophila protein’s 
biophysical and metal binding properties (4).  Unfortunately the solution structure of 
Drosophila frataxin has not been solved, so a direct characterization based on the 
protein’s structure could not be accomplished.  This was the starting point of my 
research.  To begin to address the lack of structural data, using biochemical data as 
a basis for structural characterization, I began by assigning the backbone residues of 
the fly frataxin (Dfh) using NMR spectroscopy (Chapter 2 of this dissertation).  Here I 
report my work directed at the initial stages used towards solving the structure of the 
mature Dfh.  During solution structure characterization, the first step is to obtain 
nearly complete chemical shift resonance assignments for atoms in the protein, and I 
have obtained nearly complete atom resonance assignments (1H, 13C and 15N) for 
Dfh.  Backbone assignments were made using the following experiments: 15N-
HSQC, HNCO, HNCACB and CBCA(CO)NH.  Based on my assigned chemical shift 
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values from backbone atoms, I was able to predict the secondary structure of Dfh 
and it is in close agreement with the human and yeast structures solved in our 
laboratory.  The only major difference is that the Dfh predicted secondary structure 
lacks the N-terminal 310 helix seen in yeast frataxin.  Given these close secondary 
structural correlations of the orthologs, the structure of Dfh most likely exists in an 
alpha-beta sandwich structure consisting of two alpha helices forming a helical plane 
and five to six beta sheets forming a beta sheet plane for the planar molecule. 
 In addition to the structural characterization of Dfh, I performed experiments to 
characterize Dfh’s role as an iron chaperone for the ISC pathway; these are 
described in Chapter 3 of this dissertation.  Based on biochemical data, I was able to 
design experiments that investigated Dfh’s role as an iron chaperone in the ISC 
pathway.  These studies show that Dfh directly interacts with the fly scaffold protein 
(DIsu) in a metal dependent manner.  The best-fit simulation of the molar ratio data 
suggests ca. 2 equivalents of monomeric HoloDFh binds to ApoDIsu with an affinity 
in the nanomolar range (KD1 = 530 ± 43.5 nM and KD2 = 673 ± 22 nM).  However no 
interaction is observed in the absence of the metal.  XAS studies were performed to 
provide snapshots of iron at various stages during cofactor assembly.  Based on Fe 
K-edge XANES data in these samples, we observed that iron is present in the high-
spin ferrous form, which is the biological available form of the metal.  In absence of 
sulfide, iron is bound in a completely O/N based ligand environment when attached 
to DIsu or in the Fe - Dfh - DIsu complex.  Sulfur ligation is not observed for iron 
bound to DIsu sample, suggesting Isu binds iron at a site other than the cysteine rich 
active site of the molecule.  XAS data show upon addition of sulfur to the system, 
there is a formation of multinuclear iron species most consistent with a 2Fe-2S 
cluster formation.  EXAFS data of this sample suggests Fe ligation at 2.73 Å and S 
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ligation at 2.28 Å, emphasizing the formation of Fe-S cluster and these values are 
consistent with a 2Fe-2S cluster formation (5).  Fluorescence spectroscopy 
performed on DIsu at a variety of stages during cofactor assembly showed 
apoprotein exists as molten globule.  The presence of a formed cluster on DIsu 
results in a protein structural rearrangement that makes the molecule more folded; 
the presence of cluster results in change of protein fold in a manner that decreases 
solvent exposed hydrophobic residues.  Overall, this suggests that formation of Fe-S 
clusters involves a multimolecular assembly.  The above results provide structural 
and thermodynamic details essential for understanding Fe-S cluster assembly at a 
molecular level, short of having the complete mutliprotein complex structure.  
 Characterization of the interaction between frataxin and Isu1 in yeast forms the 
basis for the collaborative work outlined in Chapter 4.  Previously, our lab showed 
yeast frataxin binds iron; the holoprotein is able to deliver metal to Isu1 for use 
during Fe-S cluster production (6).  Biochemical and structural studies show Yfh1 
interacts with Isu1 via residues present on the β-sheet surface (7).  Specific residues 
include: H83, D86, L91, E93, A94, H95 (broadly Yfh1 helix 1 Fe-binding site); V102, 
E103 (Yfh1 strand 1 Fe-binding site); L104, S105, G107, T110, L111, Y119, V120, 
Q124, N127 (Yfh1 β-sheet surface); and N154, V166, and I170 (Yfh1 loop and helix 
2).  Binding between Yfh1 and Isu1 is iron dependent.  Interestingly, while Yfh1 binds 
2 iron atoms, the binding site on Yfh1 is weaker than the tighter binding measured 
between holo-Yfh1 and Isu1 (166 ± 112 nM and 5 ± 3 nM).  This indicates that it 
would be energetically favorable for holo-Yfh1 and apo-Isu1 to interact in the 
presence of iron.  This protein-protein binding would then allow metal transfer to 
Isu1, and following removal of metal from frataxin would cause Yfh1 release from 
Isu1.  While working on Isu1, I found that it also exists as molten globule protein just 
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like D.melanogaster and T.maritima orthologs (8).  During or concurrent with the 
formation of a Fe-S cluster on Isu1 changes the protein’s fold to again decrease the 
surface of solvent exposed hydrophobic regions (9).  In the case of yeast Isu1, my 
reverse titration of ANS onto Isu1 indicated a single ANS binding site on Isu1 (7).  
These results provide details regarding the structural path of iron delivery to the 
scaffold during various stages of Fe-S cluster formation.  These results also suggest 
that the process of Fe-S cluster assembly is more or less conserved across species.  
We observed that both yeast and fly frataxin interact with the scaffold protein in an 
iron dependent manner with nanomolar binding affinity.  Both yeast and fly scaffold 
protein becomes more folded in presence of Fe-S cluster suggesting decrease in 
exposed hydrophobic residues.  Although, there are minute species specific 
difference such as we don’t observe blue shift upon either Fe or S binding in fly 
scaffold, as seen in case of yeast Isu1. 
 In Chapter 5, we characterize the structural and electronic properties of ferrous 
iron bound to four members of the ISU family of proteins.  Although ISU has been 
shown at both a genetic and biochemical level to be the scaffold upon which Fe-S 
cluster biosynthesis is orchestrated (10-12), the mechanistic details of Fe-S cluster 
assembly still remain elusive and have been the subject of intense research efforts 
by many research groups.  It has been shown structurally that the product of cluster 
formation is bound at the 3-Cys site and these 3 Cys residues are implicated as 
being active site residues  (9).  Structural studies of ISU orthologs have proven 
difficult, as the protein is molten globule in nature.  However, a recently solved 
crystal structure of an ISU protein elegantly shows an intact cluster bound and the 
proposed active site for the first time (9).  To better understand the events leading up 
to cluster formation, we investigated initial metal binding to ISU proteins in a variety 
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of organisms as described in Chapter 5.  Binding affinities for iron by the ISU 
proteins are tighter than the chaperones themselves suggests that metal transfer is 
energetically favorable [Hs (KD= 2.0 µM), Tm (KD= 2.7µM), Dm (KD1= 475 nM, KD2= 
64.5 nM) and Sc (KD1= 234 nM, KD2= 6 nM)].  XAS and Mössbauer studies of ferrous 
iron bound to ISU proteins are consistent with a metal-ligand coordination 
environments constructed of only oxygen and nitrogen based ligands.  In addition, 
the 1s→3d transition areas and energies are consistent with the ferrous iron being 
stable in the high-spin state.  A quadrupole doublet observed in each Fe-ISU sample 
by Mössbauer spectroscopy, with δ values at ca. 1.25 mm/s and ΔEQ ~2 mm/s, also 
supports the presence of high spin ferrous iron.  The coordination environments 
differed slightly in each species, but the metal was high spin and predominantly in 
the reduced state.  A distinct initial metal binding site adds a new layer of complexity 
to our current understanding of Fe-S cluster production. 
 
6.2 Future Directions 
 Research in this dissertation provides insight at the molecular level regarding 
frataxin’s interaction with the Isu scaffold.  However, there are still several questions 
regarding frataxin’s function that remain unanswered.  In a recent report, frataxin has 
been proposed to act as a regulator of the ISC pathway in bacteria by inhibiting the 
cysteine desulfurase activity (13).  The opposite seems to be the case for eukaryotes 
based on recent results from Barondeau group (14).  The Barondeau group showed 
that the presence of human frataxin increases the catalytic efficiency of the cysteine 
desulfurase, thus enhancing the formation of iron sulfur clusters.  Additional insight 
comes from a recent publication from the Cygler group, which solved the crystal 
structure of bacterial cysteine desulfurase with scaffold (15) and a closer look at the 
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multiprotein complex has been provided by Small Angle X-ray Scattering (SAXS) 
studies of the bacterial proteins by the Pastore’s group (16).  Their results provide 
insight regarding the binding interface between these proteins, specifically interaction 
between frataxin and desulfurase is electrostatic and does not require presence of 
iron.  Also presence of frataxin strengthens the affinity of scaffold/desulfurase 
complex, suggesting pivotal role played by frataxin in the pathway.  There are 
however species-specific differences in the complex interaction that needs to be 
addressed further in this field.  These observations do not contradict the results 
described in this dissertation but do confirm that our understanding of Fe-S cluster 
formation is far from complete.  Therefore it is important to study the ISC pathway in 
multiple model systems to get a better understanding of the molecular details that 
drive cluster production.  Presented below are some questions and experiments that 
could be used to address the exact role of frataxin and to understand the 
multimolecular complex involved in the assembly of ISC.  
 
Mapping the Dfh residues required for iron and DIsu binding? 
In order to understand the multi-protein ISC complex, one must define the 
interactions between individual players.  Chapter 2 provided the details regarding the 
backbone atom chemical shift assignments of the Dfh.  The next step in the structure 
determination process will be to analyze the data required to complete the structure.  
This involves analyzing the NOESY data I have already collected and then 
performing the simulated annealing structural calculations to determine the 3D 
structure of the molecule.  Nevertheless, since my Dfh assignments are available 
(Appendix 1), iron/partner protein titration experiments can immediately be 
performed to test our hypothesis that frataxin binds and delivers iron for the 
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synthesis of Fe-S clusters; we only need protein to complete these studies.  This 
study will provide the details of the residues involved in the iron binding and the 
partner protein interaction. 
 
What is the effect of frataxin on cysteine desulfurase/Isd11 activity? 
A current discrepancy in the field is to understand the effect of frataxin on the 
functional activity of the cysteine desulfurase.  In order to address this, I helped 
purify and characterize the yeast Nfs1/Isd11 complex.  I have preliminary data for 
characterization of interaction between Yfh1 and Nfs1/Isd11 complex based on 
NMR.  My initial NMR titration of Nfs1/Isd11 complex into Yfh1 suggests there may 
be a binding event in absence of iron (Figure 6.1), however this titration is purely 
qualitative and superficial.  In addition, I used ITC to detect binding between Yfh1 
and the Nfs1/Isd11 complex.  The binding interaction profile is exothermic and data 
was fit using one site-binding model (Figure 6.2).  The stoichiometry of binding is 
low (0.5) with low binding affinity (KD1= 2.5 µM).   This data needs to be repeated in 
order to get reproducible data.  Based on current data it seems that the binding 
between Yfh1 and Nfs1/Isd11 in absence of iron is very week and this result seems 
consistent with studies in the bacterial system (13, 16).  
Currently, studies are ongoing in our lab to confirm this preliminary data.  
Ongoing research in lab also involves the effect of presence of Yfh1 and Isu1 on the 
cysteine desulfurase activity of the Nfs1/Isd11 complex.  These studies have been 
done recently using human proteins, which suggest that presence of frataxin 
increases desulfurase activity 20 folds higher (14).  Results that will be obtained 
using the yeast system should be helpful in order to tease out information regarding 
the species-specific difference observed between the interactions of these proteins.  
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Only then can we understand whether frataxin acts as a promoter or gatekeeper of 
Fe-S production by binding to the desulfurase/ISC machinery.  Stopped Flow 
spectroscopy is a technique well suited to answer kinetic questions related to 
assembly.  Fe-S cluster formation or desulfurase activity can be monitored 
spectrophotometrically in the ms timescale.  By comparing initial reaction rates of 
Nfs1/Isd11 desulfurase activity in the presence and absence of frataxin, or of Fe-S 
cluster assembly on Isu1, the true effect of frataxin could be observed directly.  
Similar experiments would help better define rates of Fe-S assembly on Isu1 in the 
presence and absence of the substrate chaperones as opposed to free sulfide or 
iron.  Based on Yfh1- Nfs1/Isd11 NMR titration, future studies could involve mutating 
the Yfh1 residues involved in interaction with Nfs1/Isd11 complex.   
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Figure 6.1. NMR titration of Nfs1/Isd11 complex into Yfh1 in absence of iron.  
Apo Yfh1 HSQC spectrum is shown in black while Nfs1/Isd11 bound Yfh1 spectrum 
is shown in red.  The figure on right is an enlarged version of boxed region in the 
spectrum that shows significant movement in residues. 
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Figure 6.2. Raw isothermal titration calorimetry (ITC) data (top) and binding 
isotherm data (bottom) of Yfh1 titrated into Nfs1/Isd11 complex.  ITC 
experiment was preformed using 15 µM Nfs1/Isd11 complex in the cell and 150 µM 
Yfh1 protein in the syringe.  Data was collected anaerobically at 30°C in 50 mM Tris 
(pH 7.5) and 150 mM NaCl. 
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What is the exact role of Isd11 in the cysteine desulfurase activity as well as in 
the ISC pathway? 
As its been shown previously, that Isd11 homolog is absent in prokaryotes and is 
eukaryotic addition of the ISC pathway.  In vivo, eukaryotic cysteine desulfurase is 
inactive in absence of Isd11 (17).  Isd11 recently has been shown to interact with 
frataxin using in vivo pull down assays (17-19).  However, a detailed structural and 
biochemical analysis of this interaction has not been solved yet.  In this direction, our 
lab is actively involved in expressing Isd11 and Nfs1 by itself.  Measuring the Nfs1 
activity and interaction with frataxin in absence of Isd11 will throw light on importance 
of Isd11 and the way it facilitates interaction between these proteins.  
 
Find out the residues of Isu1 involved in frataxin interaction and iron binding? 
Identifying the complementary residues on Isu1 that are involved in the Yfh1-Isu1 
interaction has proven to be more difficult than the reverse.  As shown in chapters 3 
and 4, scaffold protein exists as a molten globule and thus yeast Isu1 is not a well 
behaved protein in the NMR tube and yields very poor peak dispersion.  This makes 
solving the solution structure of the protein impossible using current methods.  
However, some groups have successfully crystallized thermophillic homologs, and 
can even observe secondary structures by NMR (20-23).  In collaboration with the 
Lill group, we have discussed peptide scanning experiments, in which 10 amino acid 
segments of Isu1 are introduced into yeast and screened for defects in Fe-S 
assembly, assuming the proper peptide segment of Isu1 will compete with the full 
length protein for the Yfh1 binding surface.  Also based on our data in chapter 5, 
which suggests a unique iron binding site on Isu1, research is going in our lab in 
order to map these residues using mutagenesis approach.   
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What is the structure of the global multiprotein complex involved in the ISC 
assembly? 
Snapshots of interaction between individual partner proteins have been shown in 
several orthologs.  Recently, structure of cysteine desulfurase (IscS) and Isu (IscU) 
scaffold complex in bacteria, provides useful details for interaction between these 
proteins and changes in orientation that takes place following this interaction (15, 
16).  It suggests that IscU interacts with C-terminal region of IscS close to the loop 
containing the active site cysteine.  The three conserved cysteines of IscU lie in 
close proximity to the active Cys 328 of IscS, thus sulfur transfer can take place (15).  
Pastore’s group provides a closer look at this complex involving scaffold, frataxin and 
desulfurase (16).  Its been shown that frataxin binds desulfurase as a monomer in a 
pocket between the active site and the dimer interface.  Their results suggest that 
desulfurase mediates the interaction between frataxin and scaffold.  However, this 
model eliminates the presence of Isd11 in eukaryotes, which may modulate this 
interaction.  Thus future studies should involve presence of Isd11 in this complex.  
This will give a global view of the multimolecular complex involved in this pathway.  A 
variety of techniques can be used to tease out the structure of the Isu1-Yfh1 
complex, possibly including all protein components identified to date: Yfh1, Isu1, 
Nfs1/Isd11,Isa1/2, Nfu1, Yah1-Arh1, Ssq1, Jac1, Mge1, Grx5.  Low-resolution 
techniques such as small angle X-ray scattering (SAXS) used recently for bacterial 
system or Cryo-Electron Microscopy (CryoEM) could provide the structural 
‘envelope’ of a large protein complex.  Finally, molecular modeling from sufficient 
structural evidence could construct an accurate picture of the ISC complex in 
eukaryotes.  This structure will be of immense importance for understanding 
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eukaryotic ISC complex and their disturbance during diseased conditions such as 
ISCU myopathy (ISU deficiency), sideroblastic aneamia (Grx5 deficiency) and FRDA 
(frataxin deficiency). 
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APPENDIX 1 
NMR Chemical Shift Assignments 
 
 In order to analyze the nuclear magnetic resonance data, it is important to get 
resonance assignments for the protein.  That is to find out which chemical shift 
corresponds to which atom.  This is typically achieved by sequential walking using 
information derived from several different types of NMR experiment such as HSQC. 
HNCO, HNCACB and CBCACONH.  Each of these spectra has a corresponding 
peak list with the chemical shift assignement for the particular atom of interest.  
Finally, a NMR star file is created which contains the combined chemical shift values 
from all these different spectra and gives chemical shift index value of the assigned 
residues in the protein.  Below is the NMR star file for Dfh protein generated using 
NMRView program. 
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Atom    Residue    Residue   Atom     Atom        Chemical 
Assign  Sequence   Label     Name     Type        Shift 
ID      Code                                      Value 
 
0  1  MET  N  N  111.302955 
1  1  MET  CA  C  53.66653 
2  1  MET  CB  C  31.88736 
3  1  MET  C  C  178.64366 
4  2  SER  N  N  108.26659 
5  2  SER  HN  H  6.26278 
6  2  SER  CB  C  61.89362 
7  2  SER  C  C  176.14561 
8  3  SER  N  N  115.294445 
9  3  SER  HN  H  7.86218 
10  3  SER  CA  C  59.06519 
11  3  SER  CB  C  63.58292 
12  3  SER  C  C  174.03802 
13  4  GLN  N  N  122.119005 
14  4  GLN  HN  H  8.36452 
15  4  GLN  CA  C  55.965645 
16  4  GLN  CB  C  29.375115 
17  4  GLN  C  C  175.79092 
18  5  ILE  N  N  121.7855825 
19  5  ILE  HN  H  8.13633 
20  5  ILE  CA  C  61.271645 
21  5  ILE  CB  C  38.78948 
22  5  ILE  C  C  176.2887 
23  6  GLU  N  N  125.1731675 
24  6  GLU  HN  H  8.473875 
25  6  GLU  CA  C  56.621945 
26  6  GLU  CB  C  30.280175 
27  6  GLU  C  C  176.55034 
28  7  THR  N  N  115.225805 
29  7  THR  HN  H  8.1516225 
30  7  THR  CA  C  61.872015 
31  7  THR  CB  C  69.903385 
32  7  THR  C  C  174.47978 
33  8  GLU  N  N  123.2666625 
34  8  GLU  HN  H  8.410025 
35  8  GLU  CA  C  56.544645 
36  8  GLU  CB  C  30.570625 
37  8  GLU  C  C  176.39577 
38  9  SER  N  N  117.2638475 
39  9  SER  HN  H  8.41901 
40  9  SER  CA  C  58.268465 
41  9  SER  CB  C  64.04167 
42  9  SER  C  C  175.00464 
43  10  THR  N  N  116.7667125 
44  10  THR  HN  H  8.36273 
45  10  THR  CA  C  61.74143 
46  10  THR  CB  C  69.92206 
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47  10  THR  C  C  174.4964 
48  11  LEU  N  N  124.394195 
49  11  LEU  HN  H  8.2506825 
50  11  LEU  CA  C  54.906965 
51  11  LEU  CB  C  43.655695 
52  11  LEU  C  C  174.17061 
53  12  ASP  N  N  122.13473 
54  12  ASP  HN  H  8.1118075 
55  12  ASP  CA  C  52.72132 
56  12  ASP  CB  C  41.66218 
57  12  ASP  C  C  178.73576 
58  13  GLY  N  N  108.19953 
59  13  GLY  HN  H  8.83868 
60  13  GLY  CA  C  48.21303 
61  13  GLY  C  C  175.91386 
62  14  ALA  N  N  124.365583333 
63  14  ALA  HN  H  8.40932333333 
64  14  ALA  CA  C  55.063875 
65  14  ALA  CB  C  18.160285 
66  14  ALA  C  C  181.10104 
67  15  THR  N  N  117.223965 
68  15  THR  HN  H  8.4194575 
69  15  THR  CA  C  65.29437 
70  15  THR  CB  C  67.39884 
71  15  THR  C  C  175.93105 
72  16  TYR  N  N  121.03475 
73  16  TYR  HN  H  8.5446 
74  16  TYR  CA  C  61.95482 
75  16  TYR  CB  C  37.507685 
76  16  TYR  C  C  175.87654 
77  17  GLU  N  N  118.1642325 
78  17  GLU  HN  H  8.10878 
79  17  GLU  CA  C  60.34744 
80  17  GLU  CB  C  31.634405 
81  17  GLU  C  C  175.13089 
82  18  ARG  N  N  111.59802 
83  18  ARG  HN  H  7.52493 
84  18  ARG  CA  C  57.820885 
85  18  ARG  CB  C  29.30045 
86  18  ARG  C  C  178.56337 
87  19  VAL  N  N  116.1550625 
88  19  VAL  HN  H  7.9417475 
89  19  VAL  CA  C  59.048265 
90  19  VAL  CB  C  31.97322 
91  19  VAL  C  C  177.98106 
92  20  CYS  N  N  118.094505 
93  20  CYS  HN  H  8.6691775 
94  20  CYS  CA  C  62.99584 
95  20  CYS  CB  C  28.851575 
96  20  CYS  C  C  177.36667 
97  21  SER  N  N  121.579313333 
98  21  SER  HN  H  8.31550333333 
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99  21  SER  CA  C  58.52571 
100  21  SER  CB  C  63.98852 
101  21  SER  C  C  174.47978 
102  22  ASP  N  N  122.273375 
103  22  ASP  HN  H  8.48068 
104  22  ASP  CA  C  55.95983 
105  22  ASP  CB  C  41.51113 
106  23  THR  N  N  110.841965 
107  23  THR  HN  H  7.38357 
108  23  THR  CA  C  65.18762 
109  23  THR  CB  C  70.25164 
110  23  THR  C  C  174.70705 
111  24  LEU  N  N  125.29416 
112  24  LEU  HN  H  9.01885 
113  24  LEU  CA  C  57.904515 
114  24  LEU  CB  C  41.53084 
115  24  LEU  C  C  178.17427 
116  25  ASP  N  N  120.70828 
117  25  ASP  HN  H  9.2364075 
118  25  ASP  CA  C  57.404505 
119  25  ASP  CB  C  40.1765 
120  25  ASP  C  C  178.71233 
121  26  ALA  N  N  118.1677675 
122  26  ALA  HN  H  6.9742225 
123  26  ALA  CA  C  54.213955 
124  26  ALA  CB  C  19.31839 
125  26  ALA  C  C  181.06741 
126  27  LEU  N  N  118.927946667 
127  27  LEU  HN  H  7.51401333333 
128  27  LEU  CA  C  58.26061 
129  27  LEU  CB  C  42.777595 
130  27  LEU  C  C  177.53082 
131  28  CYS  N  N  120.59076 
132  28  CYS  HN  H  8.61007 
133  28  CYS  CA  C  63.06997 
134  28  CYS  CB  C  42.76457 
135  28  CYS  C  C  176.47542 
136  29  ASP  N  N  117.514495 
137  29  ASP  HN  H  7.838305 
138  29  ASP  CA  C  57.390075 
139  29  ASP  CB  C  40.71421 
140  29  ASP  C  C  177.54187 
141  30  TYR  N  N  119.5958275 
142  30  TYR  HN  H  8.2079275 
143  30  TYR  CA  C  59.882965 
144  30  TYR  CB  C  39.05122 
145  30  TYR  C  C  177.6786 
146  31  PHE  N  N  116.4181975 
147  31  PHE  HN  H  8.8822075 
148  31  PHE  CA  C  63.72964 
149  31  PHE  CB  C  38.48125 
150  31  PHE  C  C  175.63684 
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151  32  GLU  N  N  130.53268 
152  32  GLU  HN  H  9.62999 
153  32  GLU  CA  C  60.669325 
154  32  GLU  CB  C  29.58968 
155  32  GLU  C  C  177.45653 
156  33  GLU  N  N  120.8476525 
157  33  GLU  HN  H  7.6134025 
158  33  GLU  CA  C  59.570495 
159  33  GLU  CB  C  29.60062 
160  33  GLU  C  C  179.20499 
161  34  LEU  N  N  117.3296975 
162  34  LEU  HN  H  8.480165 
163  34  LEU  CA  C  57.21859 
164  34  LEU  CB  C  43.049945 
165  34  LEU  C  C  179.95828 
166  35  THR  N  N  106.012575 
167  35  THR  HN  H  7.9178675 
168  35  THR  CA  C  64.6411 
169  35  THR  CB  C  68.99715 
170  35  THR  C  C  177.38965 
171  36  GLU  N  N  123.22118 
172  36  GLU  HN  H  7.9372775 
173  36  GLU  CA  C  58.950425 
174  36  GLU  CB  C  29.354965 
175  36  GLU  C  C  177.66313 
176  37  ASN  N  N  114.247575 
177  37  ASN  HN  H  7.48323 
178  37  ASN  CA  C  53.52311 
179  37  ASN  CB  C  39.61556 
180  37  ASN  C  C  174.85944 
181  38  ALA  N  N  124.3123675 
182  38  ALA  HN  H  7.288955 
183  38  ALA  CA  C  51.630645 
184  38  ALA  CB  C  18.051815 
185  38  ALA  C  C  177.37566 
186  39  SER  N  N  118.647235 
187  39  SER  HN  H  8.07195 
188  39  SER  CA  C  60.26951 
189  39  SER  CB  C  63.279075 
190  39  SER  C  C  175.64464 
191  40  GLU  N  N  120.416215 
192  40  GLU  HN  H  9.507085 
193  40  GLU  CA  C  57.606885 
194  40  GLU  CB  C  29.10422 
195  40  GLU  C  C  176.30913 
196  41  LEU  N  N  120.6375925 
197  41  LEU  HN  H  7.4944125 
198  41  LEU  CA  C  53.93779 
199  41  LEU  CB  C  42.65393 
200  41  LEU  C  C  175.78676 
201  42  GLN  N  N  120.86482 
202  42  GLN  HN  H  8.3917425 
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203  42  GLN  CA  C  55.44241 
204  42  GLN  CB  C  30.47466 
205  42  GLN  C  C  176.51166 
206  43  GLY  N  N  110.53635 
207  43  GLY  HN  H  8.74161 
208  43  GLY  CA  C  46.378555 
209  43  GLY  C  C  174.86232 
210  44  THR  N  N  109.925266667 
211  44  THR  HN  H  7.46563666667 
212  44  THR  CA  C  60.75566 
213  44  THR  CB  C  70.908265 
214  44  THR  C  C  174.72856 
215  45  ASP  N  N  119.26398 
216  45  ASP  HN  H  8.72036 
217  45  ASP  CA  C  55.297055 
218  45  ASP  CB  C  44.931185 
219  45  ASP  C  C  176.1011 
220  46  VAL  N  N  125.154315 
221  46  VAL  HN  H  8.37838 
222  46  VAL  CA  C  61.78103 
223  46  VAL  CB  C  33.60782 
224  46  VAL  C  C  174.03476 
225  47  ALA  N  N  131.6961325 
226  47  ALA  HN  H  8.964085 
227  47  ALA  CA  C  50.868515 
228  47  ALA  CB  C  22.059795 
229  47  ALA  C  C  175.25569 
230  48  TYR  N  N  123.8413675 
231  48  TYR  HN  H  8.68609 
232  48  TYR  CA  C  54.273055 
233  48  TYR  CB  C  41.24518 
234  48  TYR  C  C  174.42015 
235  49  SER  N  N  120.736245 
236  49  SER  HN  H  8.2024425 
237  49  SER  CA  C  57.77084 
238  49  SER  CB  C  64.40982 
239  49  SER  C  C  176.29724 
240  50  ASP  N  N  121.91944 
241  50  ASP  HN  H  7.54588 
242  50  ASP  CA  C  55.36938 
243  50  ASP  CB  C  43.40862 
244  50  ASP  C  C  175.18054 
245  51  GLY  N  N  103.632845 
246  51  GLY  HN  H  8.382285 
247  51  GLY  CA  C  45.77142 
248  51  GLY  C  C  172.43655 
249  52  VAL  N  N  119.47302 
250  52  VAL  HN  H  7.84186 
251  52  VAL  CA  C  62.285055 
252  52  VAL  CB  C  33.08732 
253  52  VAL  C  C  174.67953 
254  53  LEU  N  N  133.4157775 
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255  53  LEU  HN  H  9.5639525 
256  53  LEU  CA  C  53.5338 
257  53  LEU  CB  C  43.877605 
258  53  LEU  C  C  173.59018 
259  54  THR  N  N  123.6953975 
260  54  THR  HN  H  9.452165 
261  54  THR  CA  C  61.58528 
262  54  THR  CB  C  65.69298 
263  54  THR  C  C  174.03215 
264  55  VAL  N  N  127.40106 
265  55  VAL  HN  H  9.22226333333 
266  55  VAL  CA  C  60.835045 
267  55  VAL  CB  C  33.208535 
268  55  VAL  C  C  173.52371 
269  56  ASN  N  N  127.0973025 
270  56  ASN  HN  H  9.1355225 
271  56  ASN  CA  C  52.438385 
272  56  ASN  CB  C  39.12807 
273  56  ASN  C  C  175.48621 
274  57  LEU  N  N  124.8177375 
275  57  LEU  HN  H  8.6308225 
276  57  LEU  CA  C  54.770635 
277  57  LEU  CB  C  41.4338 
278  57  LEU  C  C  175.84225 
279  58  GLY  N  N  106.227905 
280  58  GLY  HN  H  8.252405 
281  58  GLY  CA  C  44.30059 
282  58  GLY  C  C  175.01303 
283  59  GLY  N  N  106.030095 
284  59  GLY  HN  H  8.449655 
285  59  GLY  CA  C  47.236335 
286  59  GLY  C  C  175.8163 
287  60  GLN  N  N  121.141986667 
288  60  GLN  HN  H  8.65222333333 
289  60  GLN  CA  C  56.31095 
290  60  GLN  CB  C  28.54419 
291  60  GLN  C  C  177.36316 
292  61  HIS  N  N  113.69853 
293  61  HIS  HN  H  7.073375 
294  61  HIS  CA  C  53.49281 
295  61  HIS  CB  C  29.32452 
296  62  GLY  N  N  105.93606 
297  62  GLY  HN  H  7.78425 
298  62  GLY  CA  C  44.840365 
299  62  GLY  C  C  171.8255 
300  63  THR  N  N  113.5362 
301  63  THR  HN  H  7.91269666667 
302  63  THR  CA  C  61.058235 
303  63  THR  CB  C  71.90733 
304  63  THR  C  C  174.70705 
305  64  TYR  N  N  125.26416 
306  64  TYR  HN  H  9.01885 
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307  64  TYR  CA  C  57.53066 
308  64  TYR  CB  C  41.43081 
309  64  TYR  C  C  175.18855 
310  65  VAL  N  N  120.1004575 
311  65  VAL  HN  H  8.0290925 
312  65  VAL  CA  C  60.59852 
313  65  VAL  CB  C  32.258345 
314  65  VAL  C  C  179.28586 
315  66  ILE  N  N  123.01439 
316  66  ILE  HN  H  7.8784275 
317  66  ILE  CA  C  58.93783 
318  66  ILE  CB  C  40.33545 
319  66  ILE  C  C  174.778 
320  67  ASN  N  N  119.284345 
321  67  ASN  HN  H  7.6175375 
322  67  ASN  CA  C  57.99335 
323  67  ASN  CB  C  38.759165 
324  67  ASN  C  C  178.26517 
325  68  ARG  N  N  119.4901225 
326  68  ARG  HN  H  8.4013475 
327  68  ARG  CA  C  57.317755 
328  68  ARG  CB  C  27.860655 
329  68  ARG  C  C  176.06592 
330  69  GLN  N  N  115.9039375 
331  69  GLN  HN  H  7.624305 
332  69  GLN  CA  C  57.855505 
333  69  GLN  CB  C  29.25863 
334  69  GLN  C  C  174.05365 
335  70  THR  N  N  122.5834575 
336  70  THR  HN  H  7.6992025 
337  70  THR  CA  C  60.44625 
338  70  THR  CB  C  64.5875 
339  71  PRO  CA  C  62.26938 
340  71  PRO  CB  C  32.62917 
341  71  PRO  C  C  178.15631 
342  72  ASN  N  N  121.457423333 
343  72  ASN  HN  H  9.00378 
344  72  ASN  CA  C  56.0443 
345  72  ASN  CB  C  40.57507 
346  72  ASN  C  C  174.43291 
347  73  LYS  N  N  118.98763 
348  73  LYS  HN  H  6.9375775 
349  73  LYS  CA  C  53.67648 
350  73  LYS  CB  C  32.235305 
351  73  LYS  C  C  173.58141 
352  74  GLN  N  N  122.4007275 
353  74  GLN  HN  H  8.6894775 
354  74  GLN  CA  C  56.5448 
355  74  GLN  CB  C  27.11156 
356  74  GLN  C  C  174.98929 
357  75  ILE  N  N  130.667325 
358  75  ILE  HN  H  7.92304 
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359  75  ILE  CA  C  63.159255 
360  75  ILE  CB  C  38.055395 
361  75  ILE  C  C  180.1433 
362  76  TRP  N  N  121.7498625 
363  76  TRP  HN  H  8.8028 
364  76  TRP  CA  C  60.98272 
365  76  TRP  CB  C  29.16543 
366  76  TRP  C  C  176.7299 
367  77  LEU  N  N  121.903585 
368  77  LEU  HN  H  8.56926 
369  77  LEU  CA  C  53.75014 
370  77  LEU  CB  C  46.816115 
371  77  LEU  C  C  175.34125 
372  78  SER  N  N  120.439075 
373  78  SER  HN  H  9.2556 
374  78  SER  CA  C  57.474815 
375  78  SER  CB  C  63.73336 
376  78  SER  C  C  173.25908 
377  79  SER  N  N  120.71805 
378  79  SER  HN  H  7.3545125 
379  79  SER  CA  C  51.51357 
380  79  SER  CB  C  63.58361 
381  80  PRO  CA  C  64.10013 
382  80  PRO  CB  C  32.14779 
383  80  PRO  C  C  176.765 
384  81  THR  N  N  109.3340575 
385  81  THR  HN  H  7.59919 
386  81  THR  CA  C  62.603395 
387  81  THR  CB  C  69.678475 
388  81  THR  C  C  176.0818 
389  82  SER  N  N  113.565635 
390  82  SER  HN  H  8.044905 
391  82  SER  CA  C  57.617415 
392  82  SER  CB  C  63.460645 
393  82  SER  C  C  175.77159 
394  83  GLY  N  N  111.892596667 
395  83  GLY  HN  H  7.86274666667 
396  83  GLY  CA  C  45.57139 
397  84  PRO  C  C  174.70819 
398  85  LYS  N  N  130.08336 
399  85  LYS  HN  H  9.599065 
400  85  LYS  CA  C  54.8218 
401  85  LYS  CB  C  30.85828 
402  85  LYS  C  C  173.3409 
403  86  ARG  N  N  122.67777 
404  86  ARG  HN  H  8.858625 
405  86  ARG  CA  C  54.546665 
406  86  ARG  CB  C  29.14998 
407  86  ARG  C  C  176.24559 
408  87  TYR  N  N  121.50584 
409  87  TYR  HN  H  9.7834375 
410  87  TYR  CA  C  59.278745 
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411  87  TYR  CB  C  41.71456 
412  87  TYR  C  C  175.39656 
413  88  ASP  N  N  121.4858975 
414  88  ASP  HN  H  8.94281 
415  88  ASP  CA  C  53.479895 
416  88  ASP  CB  C  45.053515 
417  88  ASP  C  C  174.90463 
418  89  PHE  N  N  123.493715 
419  89  PHE  HN  H  9.1013325 
420  89  PHE  CA  C  58.191055 
421  89  PHE  CB  C  38.65764 
422  89  PHE  C  C  175.57257 
423  90  VAL  N  N  129.47554 
424  90  VAL  HN  H  8.29033 
425  90  VAL  CA  C  61.138205 
426  90  VAL  CB  C  34.007325 
427  90  VAL  C  C  173.97713 
428  91  GLY  N  N  112.775123333 
429  91  GLY  HN  H  8.09385666667 
430  91  GLY  CA  C  43.701945 
431  91  GLY  C  C  172.8289 
432  92  THR  N  N  112.505783333 
433  92  THR  HN  H  8.6852 
434  92  THR  CA  C  59.206275 
435  92  THR  CB  C  73.39299 
436  92  THR  C  C  174.09924 
437  93  VAL  N  N  116.04409 
438  93  VAL  HN  H  8.570265 
439  93  VAL  CA  C  59.19468 
440  93  VAL  CB  C  31.64867 
441  93  VAL  C  C  177.21783 
442  94  ALA  N  N  121.80352 
443  94  ALA  HN  H  7.85469 
444  94  ALA  CA  C  54.16608 
445  94  ALA  CB  C  19.353165 
446  94  ALA  C  C  177.90825 
447  95  ALA  N  N  119.8158425 
448  95  ALA  HN  H  7.4354475 
449  95  ALA  CA  C  52.87717 
450  95  ALA  CB  C  20.08659 
451  95  ALA  C  C  175.87874 
452  96  GLY  N  N  113.26697 
453  96  GLY  HN  H  8.44409666667 
454  96  GLY  CA  C  46.8589 
455  96  GLY  C  C  169.47762 
456  97  ARG  N  N  112.967166667 
457  97  ARG  HN  H  7.51322666667 
458  97  ARG  CA  C  54.081955 
459  97  ARG  CB  C  33.14084 
460  97  ARG  C  C  172.36732 
461  98  TRP  N  N  121.8954475 
462  98  TRP  HN  H  8.859915 
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463  98  TRP  CA  C  55.64579 
464  98  TRP  CB  C  29.39828 
465  98  TRP  C  C  172.87193 
466  99  ILE  N  N  121.558185 
467  99  ILE  HN  H  8.0646775 
468  99  ILE  CA  C  60.36737 
469  99  ILE  CB  C  40.388655 
470  99  ILE  C  C  175.25029 
471  100  TYR  N  N  129.0777225 
472  100  TYR  HN  H  8.2889225 
473  100  TYR  CA  C  54.77729 
474  100  TYR  CB  C  37.59161 
475  100  TYR  C  C  176.18373 
476  101  LYS  N  N  130.265706667 
477  101  LYS  HN  H  9.12167333333 
478  101  LYS  CA  C  59.76299 
479  101  LYS  CB  C  32.03544 
480  101  LYS  C  C  177.43594 
481  102  HIS  N  N  116.114735 
482  102  HIS  HN  H  8.275855 
483  102  HIS  CA  C  51.99377 
484  102  HIS  CB  C  30.145155 
485  102  HIS  C  C  180.11967 
486  103  SER  N  N  123.494246667 
487  103  SER  HN  H  9.03618333333 
488  103  SER  CA  C  58.266415 
489  103  SER  CB  C  63.67276 
490  103  SER  C  C  175.43082 
491  104  GLY  N  N  112.23414 
492  104  GLY  HN  H  8.70895 
493  104  GLY  CA  C  45.70222 
494  104  GLY  C  C  174.39601 
495  105  GLN  N  N  121.74695 
496  105  GLN  HN  H  8.07372666667 
497  105  GLN  CA  C  56.090995 
498  105  GLN  CB  C  31.20106 
499  105  GLN  C  C  176.32884 
500  106  SER  N  N  126.26571 
501  106  SER  HN  H  9.56409333333 
502  106  SER  CA  C  57.49485 
503  106  SER  CB  C  66.659025 
504  106  SER  C  C  175.63045 
505  107  LEU  N  N  124.8883975 
506  107  LEU  HN  H  8.22221 
507  107  LEU  CA  C  58.23836 
508  107  LEU  CB  C  42.29288 
509  107  LEU  C  C  177.2011 
510  108  HIS  N  N  116.823565 
511  108  HIS  HN  H  7.9556075 
512  108  HIS  CA  C  61.54266 
513  108  HIS  CB  C  31.154925 
514  108  HIS  C  C  175.87654 
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515  109  GLU  N  N  118.7766475 
516  109  GLU  HN  H  8.04718 
517  109  GLU  CA  C  59.6315 
518  109  GLU  CB  C  30.11309 
519  110  LEU  N  N  121.14576 
520  110  LEU  HN  H  7.14589 
521  110  LEU  CA  C  55.2 
522  110  LEU  CB  C  43.87773 
523  111  LEU  N  N  121.12631 
524  111  LEU  HN  H  7.10468 
525  111  LEU  CA  C  54.96 
526  111  LEU  CB  C  43.37805 
527  111  LEU  C  C  173.35689 
528  112  GLN  N  N  117.492085 
529  112  GLN  HN  H  8.02862 
530  112  GLN  CA  C  57.82273 
531  112  GLN  CB  C  29.04434 
532  112  GLN  C  C  178.84637 
533  113  GLN  N  N  119.491645 
534  113  GLN  HN  H  7.26602 
535  113  GLN  CA  C  58.89677 
536  113  GLN  CB  C  30.35287 
537  114  GLU  N  N  113.863995 
538  114  GLU  HN  H  7.644385 
539  114  GLU  CA  C  61.51631 
540  114  GLU  CB  C  30.848645 
541  114  GLU  C  C  176.0415 
542  115  ILE  N  N  113.9304475 
543  115  ILE  HN  H  8.1562925 
544  115  ILE  CA  C  63.82527 
545  115  ILE  CB  C  34.19904 
546  116  PRO  CA  C  67.19162 
547  116  PRO  CB  C  30.19392 
548  117  GLY  N  N  101.41456 
549  117  GLY  HN  H  7.77025 
550  117  GLY  CA  C  45.91204 
551  117  GLY  C  C  174.11674 
552  118  ILE  N  N  119.774526667 
553  118  ILE  HN  H  7.61778333333 
554  118  ILE  CA  C  63.43099 
555  118  ILE  CB  C  39.86627 
556  118  ILE  C  C  176.30913 
557  119  LEU  N  N  120.4354925 
558  119  LEU  HN  H  7.497645 
559  119  LEU  CA  C  53.523205 
560  119  LEU  CB  C  41.37368 
561  119  LEU  C  C  176.30598 
562  120  LYS  N  N  118.056497 
563  120  LYS  HN  H  7.4550725 
564  120  LYS  CA  C  58.20023 
565  120  LYS  CB  C  32.313835 
566  120  LYS  C  C  177.61275 
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567  121  SER  N  N  112.535566 
568  121  SER  HN  H  8.390423333 
569  121  SER  CA  C  58.28321 
570  121  SER  CB  C  63.68915 
571  121  SER  C  C  174.28836 
572  122  GLN  N  N  120.108975 
573  122  GLN  HN  H  7.741995 
574  122  GLN  CA  C  56.228345 
575  122  GLN  CB  C  31.64756 
576  122  GLN  C  C  175.34233 
577  123  SER  N  N  109.410963 
578  123  SER  HN  H  7.00318333 
579  123  SER  CA  C  57.40965 
580  123  SER  CB  C  64.6179 
581  123  SER  C  C  173.9738 
582  124  VAL  N  N  125.8442925 
583  124  VAL  HN  H  8.35887 
584  124  VAL  CA  C  61.972585 
585  124  VAL  CB  C  33.935745 
586  124  VAL  C  C  175.37415 
587  125  ASP  N  N  126.92085 
588  125  ASP  HN  H  8.77783 
589  125  ASP  CA  C  53.31024 
590  125  ASP  CB  C  40.808145 
591  125  ASP  C  C  175.44232 
592  126  PHE  N  N  122.594255 
593  126  PHE  HN  H  9.55941 
594  126  PHE  CA  C  61.161885 
595  126  PHE  CB  C  40.731965 
596  126  PHE  C  C  175.95291 
597  127  LEU  N  N  116.4659 
598  127  LEU  HN  H  8.0202475 
599  127  LEU  CA  C  55.70762 
600  127  LEU  CB  C  38.35633 
601  127  LEU  C  C  176.53017 
602  128  ARG  N  N  114.4816425 
603  128  ARG  HN  H  6.3546775 
604  128  ARG  CA  C  54.63733 
605  128  ARG  CB  C  30.44735 
606  128  ARG  C  C  175.70322 
607  129  LEU  N  N  122.529785 
608  129  LEU  HN  H  6.64886 
609  129  LEU  CA  C  54.00481 
610  129  LEU  CB  C  40.96432 
611  130  PRO  C  C  174.12141 
612  131  TYR  N  N  121.55289 
613  131  TYR  HN  H  9.73589 
614  131  TYR  CA  C  61.86823 
615  131  TYR  CB  C  35.8675 
616  131  TYR  C  C  175.78676 
617  132  CYS  N  N  120.652545 
618  132  CYS  HN  H  8.43315 
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619  132  CYS  CA  C  57.800045 
620  132  CYS  CB  C  40.559645 
621  132  CYS  C  C  177.51224 
622  133  SER  N  N  115.2431633 
623  133  SER  HN  H  8.074013333 
624  133  SER  CB  C  68.24253 
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 Iron-sulfur clusters are an important class of prosthetic group involved in 
electron transfer, enzyme catalysis, and regulation of gene expression.  Their 
biosynthesis requires complex machinery located within the mitochondrion since free 
iron and sulfide are extremely toxic to the cell.  Defects in this pathway results in 
several diseases such as Friedreich’s Ataxia (FRDA), Sideroblastic Anemia and 
ISCU Myopathy.  Therefore molecular details of the biogenesis pathway will provide 
deep insight in the pathway and treatment options for these diseases.  FRDA is 
caused by deficiency of a single protein called as ‘Frataxin’.  Frataxin is a 
mitochondrial protein shown to regulate cellular iron homeostasis.  Frataxin is highly 
conserved from prokaryotes to eukaryotes but its cellular function has not been 
completely characterized.  The focus of the research presented in this dissertation is 
to characterize frataxin’s interaction with the partner proteins during the iron sulfur 
cluster assembly pathway.  This will provide us important information regarding 
modulation of metal delivery by frataxin and how it interacts with partner proteins, 
which can be used for treatment of several iron disregulation disorders.  Research 
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on two orthologs of frataxin (yeast and drosophila) is presented in this dissertation.  
Drosophila frataxin binds ferrous iron and exists as an alpha-beta sandwich 
structure.  In both, yeast and drosophila, frataxin is able to deliver iron to Isu scaffold 
(on which transient cluster synthesis takes place) through a metal dependent protein 
protein interaction.  Cluster binding stabilizes the fold of Isu scaffold protein.  There 
is a separate initial metal loading site on ISU scaffold proteins other than the 
cysteine rich active site. 
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